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Where are the new physics?



Where are the new physics?

No new physics so far at the LHC even at the highest energies
> The SMis a triumph up to the TeV scale
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Where are the new physics?

No new physics so far at the LHC even at the highest energies
> The SMis a triumph up to the TeV scale

T2K might be seeing CP violation in the neutrino sector
> Can reasonably expect 30 level confirmation within 10 years

> OF > 4: . o
8 o+ 8 3 .5E Unoscillated prediction
v T o3 Best-fit spectrum
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Z 4 2250 Data arXiv:1701.00432
23t I 2 2 4 (2017)
l: I = 1 5__
C 1 —
0:- I|||I|_:_:I:-||I||||||| 0:......I..I||I|¢|||4|
0 02 04 06 08 1 12 0 02 04 06 08 1 12
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)
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https://arxiv.org/abs/1701.00432

Where are the new physics?

No new physics so far at the LHC even at the highest energies
> The SMis a triumph up to the TeV scale

T2K might be seeing CP violation in the neutrino sector
> Can reasonably expect 30 level confirmation within 10 years

No dark-matter interactions seen on Earth
> Renewed interest in light dark matter scenarios

Limits on Dark Matter from Direct Detection
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Neutrino masses



Neutrino masses

The Nobel Prize in Physics
2015

Photo: A. Mahmoud Photo: A. Mahmoud
Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

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”

There is no unique way
to incorporate neutrino
masses in the Standard
Model

Almost certainly implies
the existence of

* Nnew mass-generation
mechanism

 new phenomena such
as right-handed
neutrinos



Coupling with
Higgs vev

Mass “

Dirac only (like €7, ")

M,=0
m, # 0

N

ml I I I

vV, V. V., V.
o0 %0

4 states of equal masses
Some have I=1/2 (active)

Some have 1=(0




Coupling with Vi
Mass “

Higgs vev
Majorana mass (M, vV,

> Allowed for neutrinos!

Dirac only (like €7, ")

M,=0
m,, # 0

N

m| I I I

vL vR vL vR
Iweak= 1/" 0 1/2 0

4 states of equal masses
Some have I=1/2 (active)

Some have I=0

2 states of equal masses
All have I=1/2 (active)




. . VL : }VR
Mass “ C_oupllng with i
Higgs vev ;
X
Majorana mass (M) v
> Allowed for neutrinos! i
seesaw mechanis:a
. . 2mp
Dirac (m_)and Majorana (M) tan2f = 2 <1
> Splitting of the mass states my =5 |(0+Mg) = /(0— Mg)* +4m}| ~ —m} /Mg
M =11(0+Mg)++/(0—Mpg)?+4m7, ~ Mpg
general formula if mp < Mg

Dirac only (like €, €") Dirac + Majorana

M,=0
m, # 0

A

m| I I I

Vi Vr T’LVR
o0 o 0

4 states of equal masses
Some have I=1/2 (active)

Some have I=0 (sterile

Vi, NR T’L NR
oo 0 oo 0

4 states , 2 mass levels

m have ~I=1/2 (~active)

M have ~I=0 (~sterile)

2 states of equal masses
All have I=1/2 (active)
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N

Heavy neutral lepton (HNL)
Right-handed neutrino
Heavy neutrino
Majorana neutrino
Sterile neutrino, etc.




N mass scale??

Can't be detected

Can't be produced

in the lab direct searches in the lab

eV keV

neutrino masses through seesaw

very long
lifetime
& warm
— dark
matter

paryon asymmetry (BAU) through leptogenesis

Hint at higher mass scale

Hint at lower mass scale



Quarks

.

Leptons

Spi

Still just 3 missing pieces
VMSM

Spin-1/2 fermions

n-1/2 fermions

Quarks

ff
i

VY

L T g 5 e L T £
aﬁ"”f Ann. Rev. Nucl. Part. flf’ég'so
bosor Sci. 59, 191 (2009)  boson

Guided by experimental
evidence for new physics

N , mass ~keV
— dark matter

N .5 Mass ~GeV

— seesaw
— leptogenesis




Can't be detected gi " Can't be produced
in the lab QR =rches in the lab

eV keV eV GeV TeV 10'* GeV

neutrino masses through seesaw

very long

flistime baryon asymmetry (BAU) through leptogenesis

& warm
— dark
matter




N production and detection inthe lab Y, N
Very small mixing for BAU o . g
and to evade existing * High-intensity beams
experimental constraints * Displaced decays
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N production and detection in the lab ‘

|
I
X

Very small mixing for BAU - |
and to evade existing * High-intensity beams

experimental constraints * Displaced decays

ProtonEsiEEiy
on targfEl

coupling strength

Decays of
Pions and
Kaons
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N

N production and detection in the lab ‘

Very small mixing for BAU
and to evade existing
experimental constraints

* High-intensity beams
* Displaced decays

Proton beam
on target

Decays of
Charmed hadrons

coupling strength

Decays of
Pions and
Kaons

10° 10°
HNL mass (GeV)



N production and detection inthe lab Y, N
Very small mixing for BAU o . *
and to evade existing * High-intensity beams
experimental constraints * Displaced decays

Proton beam e‘e collider (LEP)
on target

Z decays

Decays of
Charmed hadrons

coupling strength

Decays of
Pions and
Kaons

10° 10°
HNL mass (GeV)



N

N production and detection in the lab ‘

Very small mixing for BAU
and to evade existing
experimental constraints

Proton beam
on target

Decays of
Charmed hadrons

coupling strength

Decays of
Pions and
Kaons

e‘e collider (LEP)

Z decays

* High-intensity beams
* Displaced decays

~ Off-shell WS

Hadron collidler
(LHC)
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HNL mass (GeV)



N

N production and detection in the lab ‘

Very small mixing for BAU
and to evade existing
experimental constraints

Proton beam
on target

Decays of :
Charmed hadrons

coupling strength

Decays of
Pions and
Kaons

e‘e collider (LEP)

Z decays

* High-intensity beams
* Displaced decays

~ Off-shell WS

Hadron collidler
(LHC)

10° 10°
HNL mass (GeV)



N production and detection in the lab

Very small mixing for BAU
and to evade existing
experimental constraints

Proton beam

on target
Z decays

coupling strength

Decays of
o Ty : . On-shell Ws

Decays of

Pions and
Kaons

ol
"y
------------

e‘e collider (LEP)

i “with displaced
-, vertex

N

’
|
X

* High-intensity beams
* Displaced decays

— Off-shell Ws
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M N

N production and detection in the lab ‘
Very small mixing for BAU o . g
and to evade existing * High-intensity beams
experimental constraints * Displaced decays
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N production and detection in the lab

Very small mixing for BAU
and to evade existing
experimental constraints

Proton beam
on target

coupling strength

e’e collider (LEP)

N

’
|
X

* High-intensity beams
* Displaced decays

~ Off-shell Ws
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N searches at fixed-target facilities

target + shield decay volume

detector

Strategy: high-intensity proton beam on a target, produce
large amounts of neutrinos from hadron decays

m, up to 0.4 GeV probed through pion and kaon decays
— PS191 experiment at CERN phys. Lett. B 203, 332 (1988)
m, up to 2 GeV probed through charmed meson decays

— CHARM experiment at CERN Phys. Lett. B 166, 473 (1986)
— NuTeV experiment at Fermilab phys. Rev. Lett. 83, 4943 (1999)

With high-energy beams, m,, up to 4 GeV can be probed to
some extent through B decays

24



Proton fixed-target experiments — comparison

PS191 CHARM NuTeV
Beam energy 19.2 400 800
(GeV)
Protons on 0.9-10" 2.4-10"° 2.5-10"°
target focused dumped focused
Distance (m) 128 480 1400
Off-axis angle 2.2° 0.6° 0
Decay volume 12 m helium 35 m air 34 m helium

SHIP strategy

dedicated beam line and target area
decay volume as close as possible to target
highly efficient background rejection systems

SHIP current
design

400

2-10%°
dumped

80
0

60 m vacuum

25



SHIP

%EW" « Proposed experiment at the
CERN SPS

SHiP  (Collaboration of 250 members
Search for Hidden Particles from 46 institutes

Stvacad cost-vatbyart; 2 sammiorss) & bpasse um Hogn Kby bya) wat s, befors w g
dple nprps. Soni pavilebo: ans) 4 ponsn, v, oy g curial Top woms of g Foba was
s ) oy by o palied g @ sinads byeh, mppaavad o bs basn, caned) by
- el 0 pana of e, 0 plank g, prn o ), ) ). Thp wrn
“*ﬁ*h#dnﬂwﬂ—ﬁ

oyl e, 0ty 4 o byt S0 | « Physics case signed by 80
da theorists Rep. Prog. Phys. 79 (2016)

» Technical proposal arxiv:1504.04956
(2015)

« SPSC recommended
Comprehensive Design study by
2019 — decision about approval
in 2019/2020

— Physics runs around 2026

« Major actor in the CERN Physics
Beyond Colliders study group

26



SHIP — facility

« 400 GeV protons from the CERN SPS
— Aim: 2-1020 protons on target in 5 years

« New beam line and target complex

« Slow extraction technique (debunching)

— testing silicon crystal channelling to reduce beam losses and
related radioactivity

North Targets T2, T4, T6
Area
AWAKE (previously
TT40 CNGS)
7

SHiP
Sewrch for fdden Particles
TT41 Ial get T40

LSS2

SLOW extraction S PS

LHC

Lss1
injection

LSse
FAST extraction

60 um wires part of the SPS
electrostatic septa

H

TT10 27



SHIiP — detector

Designed for large acceptance and zero backgrounds

1)
N, v / Tracker

' Spectrometer
% L Particle ID
D /
Yo " Decay vessel
¥ Nys3
Emulsion
Active detector
Target and muon Sh|e|d

hadron dump

28



SHIiP — detector

Designed for large acceptance and zero backgrounds

* Vertices from neutrinos
— Stop pions and kaons before they decay
— Evacuate the vessel to 10-° bar

o Tracker
— Reconstructed vertex inside the vessel Spectrometer

Particle ID

Decay vessel

Emulsion

Active detector

Target and muon shield
hadron dump

29



SHIiP — detector

Designed for large acceptance and zero backgrounds

_ _ £ design minimises:
» Vertices from neutrinos i - Muons in vessel
« Muon crossings N * length

: : * weight
— Magnetic shield 0
Particle ID R ST Ty Tracker
- raricie Spectrometer
— Reconstructed parent origin Particle ID

6 -
vl Ly g T g [T
25 30 35 40 45

— Surround veto taggers  ts—5—
2 (m)

— Timing detector Decay vessel

_ Veto ta
Emulsion

Active detector

Target and muon shield
hadron dump
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SHIiP — detector

Designed for large acceptance and zero backgrounds

 Vertices from neutrinos
* Muon crossings

° 1 0
Vertices from K Tracker

— Upstream veto tagger Spectrometer
Particle ID

— Segmented surround veto tagger

— Reconstructed parent origin
Decay vessel

Veto ta
Emulsion

Active detector

Target and muon Shleld
hadron dump

31



SHIiP — detector

Designed for large acceptance and zero backgrounds

 Vertices from neutrinos
* Muon crossings
 Vertices from K©°

Tracker

* Wide physics programme Spectrometer
Particle ID

— Variety of possible decay modes

— Tau-neutrino physics
. Decay vessel
— Light dark matter Veto ta

Emulsion

Active detector

Target and muon Shleld
hadron dump

32



Example of typical SHiP event selection

Start with two high-quality tracks in spectrometer

— Typically 6% probability once N decays inside the vessel

| 8

For these require:

Vertex with DOCA < 30 cm inside the decay volume
|dentify one muon and one pion
Matched hits in timing detector within 300 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 — jum once both tracks are reconstructed
< 0.1 background events remaining

33



SHIP — controlling the fluxes

Charm — no data available for protons at ~400 GeV

Need to validate cascade production— proposal to perform
direct measurements with dedicated experiment

* Instrumented replica of the SHIP target

* Inclusive charm production d2g/dEdB@ measurement — important
for HNL signal acceptance estimate

« Measurement of muon flux at high energies and large angles —
important for muon shield design

Instrumented Magnetized
Target Volume

p
(400 GeV)

2o

not tO Scale Spectrometer Muon Filter

34



-

HNL coupling o SM U*

SHIP — sensitivity to new physics

U?,: U2 U? ~62:1:1 Uz U?- U2 ~1:16:3.8
Inverted hierarchy

Normal hierarchy
NuTeV ==

~5-10"® neutrinos
from charm decays

1 L1 a1l 1 1 A |
HNL mass (GeV) 107 HNL mass (GeV)

N probed in large unexplored regions

— expected from models accounting for neutrino masses,
baryon asymmetry, and dark matter
« Also hidden sectors
— Dark photons
— Hidden scalars

35
— Light dark matter, etc...



Exploring higher N masses

* B factory — up to 5 GeV

— Belle
— LHCb
— SHiP

» Z factory — up to 90 GeV

— LEP1
— FCC-ee

« W factory — up to TeV scale

— LHC
— FCC-hh

= - MJ P L w =
= i = LA o LN =
T T

Delivered integrated luminosity (fb ')
[ ]

LHC 2016 RUN (6.5 TeV/beam)

—o— ATLAS 38.959 fb™!
1—— CMS 42,145 fb!
—— LHCb1.879fb"

—o— ALICE 13.393 pb™!
| | PRELIMINARY

D ..- . ; !

O
Aug Sep Oct Nov
Month in 2016

[ 2016-12-05 12:3% including fill 5456; scripts by C. Barschel )
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Exploring higher N masses

* B factory — up to 5 GeV High-energy High-intensity
~ Belle i frontier frontier
— LHCb P
~ SHIP {9 e -
» Z factory — up to 90 GeV =
— LEP1
— FCC-ee

« W factory — up to TeV scale
— LHC
— FCC-hh

hig

: =
a\t\the electroweak scale



N searches at colliders
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LEP1:

N searches at colliders

~108 vs from Z decays
displaced vertex for m, < 4 GeV

Delphi set current best constraints
in range 2 <m, <80 GeV z phys.C
74, 57 (1997)

(71 long lived
NN short lived

Prompt

l..JIIJ L

1 10

(limited by backgrour:l;y

B

Calorimeters

Off-centre
vertex -,

Particle/ Tracker

—_(__(__q_,ﬁ/ B

——(__‘(_(

]

| I | [I—

m,, (GeV/c’)
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N searches at colliders

LEP1: ~108 vs from Z decays

Tevatron: ~5-10° vs from W decays

— cannot use Zs due to trigger
requirements

— not enough Ws for displaced vertices
with masses above backgrounds

Calorimeters

Off-centre
vertex -,

Particle/ Tracker

40



Calorimeters

N searches at colliders

Off-centre
vertex -,

« LEP1:~108 vs from Z decays
* Tevatron: ~5-10° vs from W decays

« LHC:~10"° vs from Ws
— >10° vs per year in ATLAS or CMS

— Displaced HNL decays for m,, < 30 GeV
— reach down to very low mixing

Particle/ Tracker

Sensitivity studies in
PRD 89, 073005 (2014)
1* PRD 91, 093010 (2015)

41



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 -
= * Models of leptogenesis
107, point to lower mass,
oF — — CL, Expected lower mixing
10 g I CL, Expected + 10
S — on-shell W
10-4 Y L3
=4 | DELPHI
? —. — CMS7TeV
10'5|...|.‘..|...|‘...|‘...\....\...‘|...‘|..‘.
50 | 100 150 2400 250 300 350 400 450 500
m (GeV)

on-shell w  off-shell W 42



LHC — N from on-shell Ws

Prompt lepton (generator-level pT distributions)

essential for 500
trigger 1600

1400
1200
1000

Low-pT objects 600
— large QCD 00

400

backgrounds 200

OHH\H

production

entries

‘I\‘HI‘H\l\H‘IH‘\H‘IH‘\I\‘HI%

\‘\I\‘HI‘H\'\H‘IH‘\H‘IH‘\I\‘HI%

TR S PR T + | =
0 10 20 30 40 50 60 70 80 90 100
prompt lepton pT (GeV)

2200 T
20001,

1) Prompt |

three-leptons o}
(m, 220 GeV) 1400

1200

entries

— HNL mass = 10 GeV

R

.......... HNL mass = 20 GeV

=

1000f

2) Displaced a00)

vertex (DV) p
(3<m,< 30 GeV) 203;

AR R R AR R3ES

0 10 20 30 40 50 60 70 80 90 100
displaced lepton pT (GeV)
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LHC — DV signature

-

/ Similar to previous
work using DV
in ATLAS and CMS

inner detectors
PLB 707, 478 (2012)
PLB 719, 280 (2013)
JHEP 02, 085 (2013)
Run 165821 PRL 114, 061801 (2015)
Event 1605517 PRD 91, 052012 (2015)
PRD 91, 012007 (2015)
PRD 92, 072004 (2015)

Pixel modules

« So far no sensitivity to N due to high pT thresholds (trigger on MET or
particles from DV, interpratation in SUSY models)

« Adequate track and vertex reconstruction tools, similar backgrounds

 The N signature is unique, it has a prompt lepton for triggering and a

DV with low-pT tracks and low mass
44



Example of typical DV selection in ATLAS and CMS

Single-lepton trigger (~35% efficient)

Special reconstruction of tracks with
large impact parameter

Vertex at distance 3—300 mm

~200F

_Sgg_

o
N
(31

vertex reconstruction efficiency
o
o

aiming at zero backgrounds

©
Il\c’J

o
INI

0.1

m =20 GeV
LRI L R DL L I DL B
_ ® large-dQ tracking
;*¢ * standard tracking
st ATLAS simulation

work in progress

- bos ]
e e,

vertex distance (mm)

Lepton identification criteria for
particles forming the vertex

Vertex mass > 2 GeV to reduce
backgrounds from metastable

hadrons

Material map veto to reduce
backgrounds from hadronic
interactions (~50% efficient)



Heavy neutrinos at CERN in a 10-year timesecale

assume SHiP technical proposal
assume 300 (3000) fb~' @ 14 TeV in ATLAS and CMS

10

E I EI I I I I ‘ ~ I \ I . I I N I I I I \/‘ I IE

- - A DELPHIN " 3

5 NN\ J_MEG,
107 K | LHC run-3 =
] S~ k l rompt projecte .
NN NUTEP s CHARM .\ LHC run-3 E
107 \ [ i, 0 *.] displaced .
=X N\projected AU =

-8 [\ 'RS191 . hodel 2) —
107 EN\E SHiP ) —ALLrC ( ) -
10_9 iBBN e projecte prOJe e _:
= BAD =

B (modeNl)
10 =
1071 ;_ Seesaw ;
10—12 B L L | |7

1 10
HNL mass (GeV)

model 1: PRD 87, 093006 (2013) (N, does not participate in BAU — dark matter) 46
model 2: PRD 90, 125005 (2014) (allow all three HNLs to participate in BAU)



Conclusions

SHIP can probe the existence of new particles which can
shed light on the puzzles of neutrino masses, dark matter,
and matter-antimatter asymmetry

SHIiP might be the only way to discover heavy neutrinos in
the mass range 0.4-2.5 GeV

Higher masses can be probed already today at the LHC
using a displaced-vertex signature

— (and later at the HL-LHC and FCC)

47
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