
What is next
in particle physics?

Alain Blondel

Jura,  mountain goats (chamois)

Mont Blanc

Archamps, Genève, CERN, 
PS, SPS, LEP/LHC, FCC, CLIC etc… under the fog



1994-1999: top mass predicted (LEP, mostly Z mass&width) 
top quark discovered (Tevatron)
t’Hooft and Veltman get Nobel Prize

(c) Sfyrla



1997-2013  Higgs boson mass cornered (LEP H, MZ etc +Tevatron mt , MW)

Higgs Boson discovered (LHC)
Englert and Higgs get Nobel Prize

(c) Sfyrla

IT LOOKS LIKE THE 
STANDARD MODEL  
IS COMPLETE.....



Is it the end?



Is it the end?

Certainly not! 
-- Dark matter
-- Baryon Asymmetry in Universe
-- Neutrino masses

are experimental proofs that there is more to understand. 

We must continue our quest

HOW?
Direct observation of new particles (but not only!)

New phenomena (Neutral currents, CP violation, neutrino oscillations…)

Deviations from precise predictions
(ref. Uranus to Neptune, top and Higgs preds from LEP/SLC/Tevatron/B factories, g-2, violation 
of unitarity, lepton number violation etc…)
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The discovery of neutrino oscillations 
shows that neutrinos have mass

1000 ton of heavy water D20

12 m diam.  9456 PMTs

Determine that all neutrinos 
reach the earth but only
1/3 remain of same flavour
as produced in the sun

m

from 

under 
from 

above

Kamioka mine 

detectors
Sudbury Neutrino 

Observatory
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1998  Experimental birth of .. Beyond the Standard Model

Neutrinos having mass and mixing…..
1. there shall be CP violation (just like in quarks) 
2. there should be right-handed neutrinos. 



Neutrinos:  detection of  

neutrino interactions

1953

The anti-neutrino coming from the nuclear 

reactor interacts with a proton of the target, 

giving a positron and a neutron.  

4-fold delayed coincidence

nepe  

Reines and Cowan

The target is 

made of about 

400 liters of 

water mixed 

with cadmium 

chloride

The positron annihilates with an electron 

of target and gives two simultaneous 

photons (e+ + e- ) . 

The neutron slows down before being 

eventually captured by a cadmium 

nucleus, that gives the emission of 2  

photons about 15 microseconds after 

those of the positron. 

All those 4 photons are detected and the 

15 microseconds identify the "neutrino" 

interaction. 



Neutrinos 
the weak neutral current

Gargamelle Bubble Chamber

CERN

Discovery of weak neutral current

m + e   m + e

m + N   m + X  (no muon) 

previous searches for neutral currents had been performed in particle decays 

(e.g. K0->mm)    leading to extremely stringent limits (10-7 or so)  

early neutrino experiments had set their trigger on final state (charged) lepton! 



m
m

e-

Z

e-

elastic scattering of neutrino 

off electron in the liquid freon

1973 Gargamelle

experimental birth of the Standard model 

neutrino



Neutrinos 
astrophysical neutrinos

Ray Davis

since ~1968 

Solar Neutrino Detection

600 tons of chlorine. 

• Detected neutrinos E> 1MeV

• fusion process in the sun

Homestake Detector

solar : pp   pn  e+ e (then D gives He etc…)  

these e do e +  37Cl  37Ar  + e-

they are neutrinos 

• The rate of neutrinos detected is 

three times less than predicted! 

solar neutrino ‘puzzle’ since 1968-1975!

solution: 1) solar nuclear model is wrong    or  2) neutrino oscillate



Super-K detector

39.3  m

41.3 m

C  Scientific American

Water Cerenkov
detector

50000 tons of 
pure light 
water

10000 PMTs





neutrino definitions

the  electron neutrino is present in association with an electron (e.g. beta decay)

the     muon neutrino is present in association with a    muon (pion decay)

the      tau neutrino is present in association with a     tau (Wt  decay)

these flavor-neutrinos are not (as we know now) quantum states of well 

defined mass (neutrino mixing) 

the mass-neutrino with the highest electron neutrino content is called       1

the mass-neutrino with the next-to-highest electron neutrino content is    2

the mass-neutrino with the smallest electron neutrino content is called     3



Lepton Sector Mixing

Pontecorvo 1957 NB This is a ridiculous picture: 

the size is inversely proportional

to the mass (energy)



Oscillation Probability

Hamiltonian= E  = sqrt( p2 + m2) = p +   m2 / 2p

for a given momentum, eigenstate of propagation in free space are the mass eigenstates!

Dm2 en ev2 

L en km

E en GeV



Neutrino Oscillations (Quantum Mechanics lesson 5)

source propagation in vacuum -- or matter detection

weak interaction 

produces 

‘flavour’ neutrinos

e.g. pion decay p  m

¦m> = a ¦1 >  b  ¦2 >    ¦3 >
¦ (t)> = a  ¦1 >   exp( i E1 t) 

 b   ¦2 >  exp( i E2 t) 

    ¦3 >   exp( i E3 t) 

weak interaction: (CC)

m N  m- C

or e N  e- C

or t N  t- C

P ( m  e) = ¦ < e ¦  (t)>¦2

Energy (i.e. mass)  eigenstates 

propagate

L

t = proper time    L/E

a is noted U1m

b is noted U2m

 is noted U3m etc….



SNO detector

1000 ton of D20

12 m diam. 

9456 PMTs

Aim: measuring non e neutrinos in a pure solar e beam

How? Three possible neutrino reaction in heavy water:

only e

equally

e+ m  t 

in-equally

e+

0.1 ( m  t  )



Super-K detector

39.3  m

41.3 m

C  Scientific American

Water Cerenkov
detector

50000 tons of 
pure light 
water

10000 PMTs



m/e Background Rejection
e/mu separation directly related to granularity of coverage.

Limit is around 10-3 (mu decay in flight)  SKII coverage OKOK,  less maybe possible



Atmospheric  : up-down 
asymmetry

e m

Super-K results

up down
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reactor experiments allow investigation of reactor calculations! (and… badly off) 



The neutrino mixing matrix: 
3 angles and a phase  d 

Unknown or poorly known 

today phase d ,    sign of Dm13

OR? 

Dm2
23= 2 10-3eV2

Dm2
12= 8 10-5   eV2

1

2

3

1

2

3
q23 (atmospheric) = 450 , q12 (solar) = 320 , q13 (Chooz) < 130

2

Dm2
12= 8 10-5 eV2

Dm2
23= 2 10-3eV2



Consequences of 3-family oscillations: 

I    There will be  m ↔ e oscillation at L atm 

(discovered by T2K)

P (m ↔ e )max =~ ½ sin 22 q13 +… (small)

II   There will be CP violation          

CP:     P (m ↔ e)  ≠  P (m ↔ e)

III we do not know if the neutrino 1 which 

contains more e is 

the lightest one (natural?)

or not (inverted) 

Oscillation maximum            1.27 Dm2 L / E =p/2  

Atmospheric Dm 2= 2.5 10-3       eV 2                      L =    500 km @ 1 GeV

Solar              Dm2  =   7 10-5       eV2                       L = 18000km @ 1 GeV

Oscillations of 250 MeV neutrinos;

P (m ↔ e)
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T2K, T2K-II and HyperK

東海
Tō kai

神岡
Kami oka 

since I am coming back from Japan…



Idea of T2K was born 1999-2001 hep-ex/0106019 combining:

-- existing SuperKamiokande detector (50kton W.Č., 22.5 kton fiducial)

-- JAERI-KEK Japanese Proton Accelerator Research Complex (JPARC)
at TOKAI including a high power, 0.75MW/30GeV Proton Synchrotron
neutrino beam from pion decay p+ m+ m

-- baseline 295 km  neutrino energy for first maximum is ~650 MeV
achievable by pion-decay beam at 2.5 degrees off-axis



Off Axis Beam (another NBB option)

WBB w/ intentionally misaligned beam line from det. axis

(ref.: BNL-E889 Proposal)

qTarget Horns Decay Pipe

Far Det.

Decay Kinematics

Quasi Monochromatic Beam with energy determined by beam geometry!

p
m m



#
T2K Long Baseline Neutrino 

Oscillation Experiment

• T2K collaboration ~500 collaborators from 59 institutions, 11 countries
• Funded in FY2004, Started measurements in 2010
• First discovery of e appearance in m beam
• Best measurement of m disappearance
• Opens the door for CP violation measurements

• Could be the key to matter in the universe!

Near neutrino detector

11

February , 2004

40mfx40mH

50kt Water Cherenkov det.

Super-Kamiokande
Discovery of appearance 

of electron neutrino

7.3s

Alain Blondel CHIPP winter 

School neutrino physics part 

2
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75 events (89 if one adds the CCe 1p) 7 events

NEUTRINO ANTINEUTRINO

e and e appearance



CP symmetry excluded at more than 95% C.L.



CPV ~2s MH uncertain. 
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3s over 40% of 2p

(will grow with time…)

«T2K-II»

Obviously need something bigger!

Approved upgrade of T2K intensity
up to 1.3 MW beam power. 

Not trivial but no show stoppers

Alain Blondel CHIPP winter School 

neutrino physics part 2

Include upgrade of 
near detector 
to reduce systematics



22 January 

2018
37Alain Blondel CHIPP winter School neutrino physics part 2

https://lib-extopc.kek.jp/preprints/PDF/2016/1627/1627021.pdf

https://lib-extopc.kek.jp/preprints/PDF/2016/1627/1627021.pdf
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ORCA and PINGU atmospheric neutrinos

Determination of mass hierarchy with matter effect
Very large effect : up to ~100% asymmetry ee vs. ee , different for m

diluted by charge, PID, lepton angle energy reconstruction 

Optimum region for measurement
Is around 10 GeV and 7000km

Dilution and systematics due to 
 flux, cross-sections  and angle 
smearing… but effect is large; 
little sensitivity to dCP
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JUNO (RENO50)

Locate 20kton, 75% coverage liq. scintillator detector at 1st solar disappearance max (50km) 
use interference between solar and atmospheric terms which is sensitive to the sign of Dm2

23 

Since disappearance is used, no sensititivity to dCP .
Challenge from energy scale/linearity/resolution!

e disappearance from reactor. 
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JUNO sensitivity to Mass Hierarchy : 
«more than 3 s in 6 years»

Relative error on                      (external input)

present

3s

4s

dCP N/A 

Data taking date: early 2020. 

20’000 PMTs 15k from China 5k from Japan
Civil construction underway complete 2018
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Crossing point with DUNE & HyperK

Many physics topics
Some overlap with DUNE/HyperK

-- p vK 

-- SuperNovae
Some specific

-- geoneutrinos

JUNO (RENO50)

HyperK

700m deep
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1001

Based on Liquid Argon Technology.
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Very clean signals for Kaon decay. 
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DUNE

(end 2026)

After 6 years
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DUNE Schedule as of CDR http://arxiv.org/abs/1601.05471
Beam starts (with 1.2 MW capability) in 2026 with 2 detectors, upgrade to 2.4Mw ~6 yrs later.  

http://arxiv.org/abs/1601.05471
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The players Mass Ordering
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JUNO



at least 3 pieces are still missing

We know since 1957 : (anti)neutrinos are Left(Right)-handed. 
Since 1998 it is established that neutrinos have mass 
and this very probably implies new degrees of freedom

simplest solution: right-handed neutrinos.



at least 3 pieces are still missing

Since 1998 it is established that neutrinos have mass
and this very probably implies new degrees of freedom
such as right handed neutrinos 
 «sterile», very small coupling to known particles
completely unknown masses (eV to ZeV), nearly impossile to find. 

.... but could perhaps explain all: DM, BAU,-masses
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The  Search for the Right-Handed Neutrinos 



L L L

I = 1/2

Q= -1

Q=  0

I = 0

R

R

R R

RR

Electroweak eigenstates

Right handed neutrinos 
are singlets 

no weak interaction
no EM interaction
no strong interaction

can’t produce them
can’t detect them

-- so why bother? –

Also called ‘sterile’

22 January 2018 60
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Search Processes (I)

Meson decay (p,K: neutrino beams) examples: 

p,K,

Long life, dark matter candidate
Equilibrium with neutrinos 
produced in the stars
 Search for gamma emission line 
(such as 3.5 keV line)
Drewes et al; arXiv:1602.04816v1

Decay via W gives at least two charged particles, 
and amounts to ~60% of decays. 
Searches for long lived decays in neutrino beams 
PS191, NuTeV, CHARM; SHIP and DUNE  proposals
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Next generation heavy neutrino search experiment SHIP 
-- focuses on neutrinos from charm to cover 0.5 – 2 GeV region
-- uses beam dump to reduce background from neutrino interactions from pions and Kaons 

and bring the detector as close as possible to source. 
-- increase of beam intensity and decay volume  

status: proposal, physics report and technical report exist.  R&D phase approved at CERN 

arXiv:1504.04855
arXiv:1504.04956

DPNC is well and truly there! 
AB, Korzenev, Mermod, etc.



Future Circular Collider Study - SCOPE 
CDR and cost review for the next ESU (2018)

Forming an international 

collaboration to study: 

• pp-collider (FCC-hh) 

 ultimate goal defining 

infrastructure requirements 

• e+e- collider (FCC-ee) 

as potential first step  

ECM=90-400 GeV

• p-e (FCC-he) option

• 80-100 km infrastructure in 

Geneva area

~16 T  100 TeV pp in 100 km

6322 January 2018
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FCC-ee highest possible luminosity from Z to tt by exploiting b-factory technologies: 

Event statistics :

Z peak                    Ecm :   91 GeV            5 1012    e+e- Z   
WW threshold     Ecm : 161 GeV               108       e+e- WW
ZH threshold        Ecm : 240 GeV               106       e+e- ZH

tt  threshold         Ecm : 350 GeV               106       e+e-tt

LEP x 105

LEP x 2.103

Never done
Never done

Alain Blondel DPNC seminar 16 
november 2016
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Simulation of heavy neutrino decay in a FCC-ee detector



NZ = 1012 1mm<L<1m

region of interest 

FCC-ee sensitivity

22 January 2018 66

presently studying the feasibility of ddetector with tracking volume of 8m radius 
for both FCC-ee and FCC-hh 

Alain Blondel DPNC seminar 16 
november 2016
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Present limits

Future

Based on arXiv:1504.04855v1 ‘SHIP physics paper’
And Pilar Hernandez, HEP-EPS Vienna

FCC-ee 
1012Z,  10-100cm

1013Z, 0.01-500cm

Ldecay 10m Ldecay =1mm

0vbb



CONCLUSIONS

Neutrinos offer so far the only Particle Physics signal beyond the Standard Model

The activities involve long baseline experiments with a strong program in US and Japan of
-- Giant detector construction (HyperK, DUNE, also JUNO)
-- increase of (pulsed) proton beam power to 1.2 to 2.4 MW,  

well beyond the best achieved so far (700kW at Fermilab 500 at JPARC)

This should lead to the discovery of CP violation and the solution of the mass hierarchy
in the next decade (2020-2035)

In parallel the search for the heavy right handed neutrinos 
(and other signs of a Majorana mass for neutrinos violating fermion number) will go 
full steam with

-- search for neutrinoless double beta decay (ultrpure reaching 100 or 1000 tons) 
-- direct search for heavy right handed neutrinos 

beam dump expt/SHIP …. 
and the Future Circular Colliders (at CERN or in China) 

We may thus understand the origin of neutrino masses, but also be given solutions for 
the Baryon Asymmetry of the Universe and even Dark Matter



or perhaps new world(s) of SM replicas

Super
Symmetry

Funny
Higgses

Extra-dimensions

you

name it



Nima

At higher masses -- or at smaller couplings? 



Pauli's letter of the 4th of December 1930

Dear Radioactive Ladies and Gentlemen, 

As the bearer of these lines, to whom I graciously ask you to listen, will 

explain to you in more detail, how because of the "wrong" statistics of the N and 

Li6 nuclei and the continuous beta spectrum, I have hit upon a desperate remedy 

to save the "exchange theorem" of statistics and the law of conservation of 

energy. Namely, the possibility that there could exist in the nuclei electrically 

neutral particles, that I wish to call neutrons, which have spin 1/2 and obey the 

exclusion principle and which further differ from light quanta in that they do not 

travel with the velocity of light. The mass of the neutrons should be of the same 

order of magnitude as the electron mass and in any event not larger than 0.01 

proton masses. The continuous beta spectrum would then become 

understandable by the assumption that in beta decay a neutron is emitted in 

addition to the electron such that the sum of the energies of the neutron and the 

electron is constant... 

I agree that my remedy could seem incredible because one should have seen 

those neutrons very earlier if they really exist. But only the one who dare can win 

and the difficult situation, due to the continuous structure of the beta spectrum, 

is lighted by a remark of my honoured predecessor, Mr Debye, who told me 

recently in Bruxelles: "Oh, It's well better not to think to this at all, like new 

taxes". From now on, every solution to the issue must be discussed. Thus, dear 

radioactive people, look and judge.

Unfortunately, I cannot appear in Tubingen personally since I am indispensable 

here in Zurich because of a ball on the night of 6/7 December. With my best 

regards to you, and also to Mr Back.

Your humble servant

. W. Pauli 

Wolfgang Pauli

Neutrinos: the birth of  the idea1930

dN

dE

E
few MeV

e- spectrum in beta decay

e



Gargamelle Charged Current event

muon

pion (interacts
p 0proton

neutrino



Gargamelle neutral current event (all particles are identified as hadrons)
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A word on RENO50       (17kton, 60% coverage, 100M$)
-- R&D funding (US $2M for 2015-2017) 
from the Samsung Science & Technology Foundation. 
R&D is in progress to produce TDR. 
-- A proposal has been submitted to obtain full funding.

200 events/year from JPARC beam



Two body decay t-  p - t with m(t)< 250 MeV

The ratio                                                                                           is consistent with the tau being
coupled to the  hadronic weak axial-vector current

… and the life time of the tau is consistent with the emitted neutrino being >90% the isospin 
partner of the tau          

The tau neutrino was discovered in e+ e- experiments



1989   The Number of Neutrinos
collider experiments: LEP

• N determined from the visible Z 

cross-section at the peak (most of 

which are hadrons): 

the more decays are invisible the 

fewer are visible:

hadron cross section decreases by 

13% for one more family of neutrinos

in 2001: N = 2.984 0.008

Number of active (left-handed) neutrinos
with mass < 45 GeV



Observation of tau-neutrino in ALEPH at LEP (183 GeV Ecm) 

e+e-W+ W- (hadrons)+ + t t- (  t ) 

t



Tau Neutrino interaction in DONUT experiment (Fermilab) 2000
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Proton decay
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p K+ v sensitivity

Here, JUNO expt
(liquid Scintillator (LS) 
is competitive and 
will be earlier. 
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SUPERNOVAE
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ORCA and PINGU

Both experiments are in proposal phase. 
ORCA: deployment 2018-2021
PINGU: aim at completion in 2022.
Both:  4 years for MH determination at 3 sigma

Oscillation Research w/ 
Cosmics in the Abyss 

ORCA: 3.8 Mton



Is it the end?

1/22/2018



=  ACP   a
sin2 2q13   solar term…

sind   sin (Dm2
12 L/4E)   sin q12 sinq13 

… need large values of sin q12, Dm2
12 (LMA) but *not* large sin2q13 

… need APPEARANCE  … P(ee) is time reversal symmetric (reactors or sun are out)

… can be large (30%) for suppressed channel (one small angle vs two large) 

at wavelength at which ‘solar’ = ‘atmospheric’ and for em , t

… asymmetry is opposite for em and et

P(em) - P(em)

P(em) + P(em) 

P(em) = ¦A¦2+¦S¦2 + 2 A S  sin d              

P(em) = ¦A¦2+¦S¦2 - 2 A S  sin d      


