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N
Goal of this lecture

Questions we address:
@ Do neutrino oscillations predict new particles?
o If yes — what are the properties of these particles?
@ How can we find them?

To contact me
@ Oleg.Ruchayskiy_@ nbi.ku.dk
o Office: Mb-8c
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Outline

o Relativity and quantum mechanics
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Reminder: quantum mechanics and relativity

@ Quantum mechanical correspondence principle:

d
2 E—ih— d h?V2
E=F 1vix)= AP T LA L SR VIV
2m Jat 2m
p — —ihV
o Relativistic dispersion relation E = \/p?c? + m?c*

/ﬁ%‘if \/ —C2R2V2 4+ m2ct yr

@ Non-local operator, not compatible with causality!
@ Square of (2) leads to the Klein-Gordon equation:

—h2aat‘é’ = (-ReV2 ity e <D+ (";C) ) w=0
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Relativity and quantum mechanics

Problems of quantum mechanics with Klein-Gordon
equation

o Negative energy states (with E = — +/p?c?+ m?c*)
@ Probabilistic interpretation is gone

Exercise 1:

a) Show that [ dx|w(x)|? is not conserved for Klein-Gordon equation (3).
b) Construct a conserved “probability current”

c) Demonstrate that (b) it is not positive-definite
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Dirac equation |

@ Dirac (1928) proposed to keep the form

Loy
i~ = AV (4)

Exercise 2: Show that time evolution (4) with any Hermitian J¢ automatically conserves
probability P = [ d3x|y(x)[?
@ The function 77 is linear function of p and m

=%Dirac:a'ﬁ+ﬁm (5)

where & = (@, o, ;) and B are Hermitian matrices such that the square
of the Dirac equation (4) gives the wave equation

472%5 - <—ﬁzc2V2+m2c4)l]/<ﬁ> <D+ (";’:)2) y=0
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Dirac equation |l

Exercise 3: Show that the matrices should obey

(x,-aj+aja,-:2]18,-j N (X,‘B-‘,-B(X,‘ZO ) B2:]1 (6)

o Roughly speaking Dirac found the way to express the \/ —c22V2 + m2c* as
a linear operator of momentum.

Exercise 4: Find matrices a;,3 in 2 and 4 dimensions. Note, number of a's equals to the

number of spatial dimensions

@ Explicitly Lorentz-covariant form of the Dirac equation is
<iy“c7ﬂ—m>l//:O (7)

where

Y=B ; ¥ =Ba (8)
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Relativity and quantum mechanics

Gamma-matrices. Exercises

o Gamma-matrices y*:

(v y=2n" (9)

@ Various (linear combinations of) products of y-matrices form the basic in the
space of all 4 x 4 complex matrices:

@ Exercise 5: How many non-trivial products are there: y*, y*y", yyVv* ... ?

@ Exercise 6: Using property (9) demonstrate that the matrices

Ty = %[y“ﬁy”] (10)

realize representation of the Lorentz group
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Relativity and quantum mechanics

Fermion mass term

First, recall some basics

@ Massless fermions can be left and right-chiral Chirality

VYR =+VWr  BVL=—y, Define operator 5 such that
o {p.Y}=0and ¥ =1

@ )5 commutes with massless

If we pick a particular direction — these are just left and
Dirac Hamiltonian

right moving states
HDirac = &~ P

@ For massless particles the Dirac equation

T -
(i =)y =0 @ ...but not with the massive

... preserves chirality HDirac = 0t-p+pm

0 -
(0 +06-V @ Gauge interactions respects
il - (% N (v = 0 chirality (D, = d, + eAy). ..
I(at - 6 . V) 7# I’UR : .
( o i(D[+6-D)> (V’L
Peskin & Schroeder basis i(D:~6-D) 0 W
NBI 972
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Relativity and quantum mechanics

How to write a mass for neutrino

@ Neutrinos are always left-chiral L

Wi
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Relativity and quantum mechanics

How to write a mass for neutrino

@ Neutrinos are always left-chiral

@ Recall:
Lermi = % [BO) (1 =95)n(C)I[EC) P (1 = 15) Ve (X)]
+ % [Vu )7 (1= %) () [EC) 7 (1= 1) ve ()] + -
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Relativity and quantum mechanics

How to write a mass for neutrino

@ Neutrinos are always left-chiral
@ Recall:

Lermi = % [BO) (1 =95)n(C)I[EC) P (1 = 15) Ve (X)]

+ % [V ()7 (1 = 1 R (ECNP (1= 1) Ve ()] +--.

@ So Dirac a theory of massive neutrinos should be

Z:i\‘/LyMva— Vg Mv;+h.c
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Relativity and quantum mechanics

How to write a mass for neutrino

Neutrinos are always left-chiral

Recall:

Lermi = % [BO) (1 =95)n(C)I[EC) P (1 = 15) Ve (X)]

+ % [V ()7 (1 = 1 R (ECNP (1= 1) Ve ()] +--.

@ So Dirac a theory of massive neutrinos should be

Z:i\‘/LyMva— Vg Mv;+h.c

@ ...but we do not know “particle” vg !
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Relativity and quantum mechanics

Neutrino Dirac mass

lllustrations taken from G. Raven, “CP violation”, CERN Summer student lectures 2010

C,P and CP
Prediction
w o+ V(L) v(R) ,+ we — Neutrino
P ) “O— oS @ -
Y
VR
" L) VIR) T w
o ) “«o— o @ P — Anti-neutrino
— v
V=R
\73
NBI 11 /72
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Relativity and quantum mechanics

Neutrino Dirac mass

lllustrations taken from G. Raven, “CP violation”, CERN Summer student lectures 2010

C,Pand CP

wr * V(L) vi(R) / X v
-0 (@) o o -0
| » \
KCP\ C
w v.(L) v.(R) S w /
-0 ~O— <O @ -

C broken, P broken, but CP appears to
be preserved in weak interaction!
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Prediction

— Neutrino

(3

— Anti-neutrino

Vi
VR

g ('R

Vi
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New particle?

@ Have we just predicted a new particle?
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New particle?

@ Have we just predicted a new particle?
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New particle?

@ Have we just predicted a new particle?

@ All we predicted was a new spin state of an already existing particle
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Outline

© Majorana mass
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Other possible neutrino masses |

@ Most of you are used to the following form of ¥ matrices [peskin & schroeder book]
0 1 i 0 o
=(3 o) 7=(% ) (11)

@ Some of you may know that the form (11) is not unique

@ Some of you may even know that y-matrices are simply a representation of
elements of Clifford algebra and there are infinitely many others

o For example [Bjorken & Drell book]
- 1 0 . i 0 Oj
= (o 11) T = (c,- 0) (12)

@ Any representation of y-matrices forms a basis in the space of all complex
matrices 4 x 4

@ Does this mean that y-matrices are always complex?
@ In Egs. (11)—(12) /°, v*, 7® are real, y? is imaginary. Is this always the case?
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Majorana representation %
)

See e.g. hep-ph/0605172

o Ettori Majorana noticed that there is a totally imaginary representation of
Y matrices: (y*)* = —y*
Exercise 7: Find this representation explicitly!

@ Therefore the Dirac equation (i}/“au — m>x =0 is a differential equation
with real coefficients

@ Hence, it admits real solutions x* =) — Majorana fermion

@ Such fermion has 2 degrees of freedom

@ Such fermion can carry no U(1) charges

U(1) transformation y — e'“y will rotate any real vector into a complex one unless g =0

Exercise 8: Write a Lagrangian for Majorana fermion
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Dirac vs. Majorana fermion

Dirac massive particle | Majorana massive particle

¢ 9
? ¢

4 degrees of freedom 2 degrees of freedom

From [1601.07512]
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Majorana mass

Detour: particle and anti-particles |

@ What is so special about the Majorana solution?

@ Recall that Dirac found that the fermion possesses not 2 (spin 1 and spin-|)
but 4 degrees of freedom

@ Additional 2 states are from the negative branch E = — \/p?+ m?

A Theory of Electrons and Protons.
By P. A. M. Dirac, St. John’s College, Cambridge.
(Communicated by R. H. Fowler, F.R.8.—Received December 6, 1929.)

§ 1. Nature of the Negative Energy Difficulty.

The relativity quantum theory of an electron moving in a given electro-
magnetic field, although successful in predicting the spin properties of the
electron, yet involves one serious difficulty which shows that some fundamental
alteration is necessary before we can regard it as an accurate description of
nature. This difficulty is connected with the fact that the wave equation,
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Detour: particle and anti-particles |l

o Consider a state with negative energy (p, = (—|E|,p)):

¥(x) = u(p)e ¥ = u(p)etiIFltripx

(13)
(put" —m)u(p) =0
o A complex conjugated spinor y* = u*e*’P* has positive energy:
W* _ u*e—i\E\tfip-x (14)
@ Does y* obey the same Dirac equation?
(@ —m)y* = e™PX(—puy* —m)u*
(15)

= et ((—pu(1) = m)u) L0

Oleg Ruchayskiy (NBI) Neutrino physics with SHiP NBI 18 / 72



Detour: particle and anti-particles IlI

o If y-matrices were imaginary (y*)* - —y*, v* would satisfy Dirac equation
whenever ¥ does (and this is how Majorana found his representation)

@ For a general representation this is not the case. In -
addition to complex conjugation one should rotate E )
the spinor u(p):

.v.

ye = Cy' = (Cu)e™P™ (16)

@ matrix C is chosen in such a way that

—pC=COry i =1 (17)

@ Spinor ¢ describes anti-particle or charge-conjugated state

Exercise 9: Derive Eq. (17). Show that in chiral representation (Peskin & Schroeder) C = iy°y?
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Detour: particle and anti-particles 1V

@ Now consider Dirac equation in the external electromagnetic field:
(a—eAfm%l/:O (18)
The spinor y. = Cy™* obeys the equation:
(9+eA—m)ye=0 (19)

— opposite electric charge!
@ Majorana fermion: y< =y

@ Is Majorana fermion left or right?

o It is neither!

Exercise 10:

— Demonstrate, that Majorana spinor cannot be chiral. Hint: use Majorana representation
and show that i = —¥5

— Show that charge-conjugation anti-commutes with chirality: i.e. that if y; is left-chiral,
than (.)€ is right-chiral
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Neutrino Majorana mass

e For particle that carries no U(1) charge one can write a
Majorana mass term

@ The only neutral particle in the Standard model is neutrino

1.
gMajorana - 75 vV My ve +h.c (20)

couples neutrino v and its anti-particle v€© .

@ One can construct a Majorana spinor:

_V+v©

V2

@ ...then the mass term (20) is simply: Zvajorana = MY X
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Majorana mass

Weak interactions

WEAK SYMMETRY

<D

@ Weak symmetry rotates electron into
neutrino (muon into Vv, 7 into ;)

@ Number of leptons is conserved in each
generation

@ i.e. we know with high precision that muons
@ FORBIDDEN @ L cannot convert into electrons e.
@ By virtue of the electroweak symmetry
neutrinos should not change their types

(i.e. Vex==zVy)
@ But they do!
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Neutrino Majorana mass

@ Neutrino carries no electric charge, but it is not neutral

@ ...neutrino is part of the SU(2) doublet L = <‘;e>

@ ...and carries hypercharge Y; = —1

What we call neutrino is actually v = (L-H) (where A, = e,,H;)

Therefore neutrino Majorana mass term is

c(L-AM)(Lc-A)
A

Neutrino Majorana mass =

Notice that this operator violates lepton number
Assuming ¢ ~ ¢'(1) one gets

A~ ~ 10'% GeV

Matm

@ This is Weinberg operator or “dimension-5 operator”
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Neutrino masses and effective field theory

@ In the logic of EFT one expects that some "heavy” particles had mediated
this type of interaction and that at energies E ~ A new particles should
appear

@ Example, at energies E < m light-on-light scattering is mediated by virtual
fermions, leading to Heisenber-Euler Lagrangian

V4 A,

062

'_‘(f o p—
HoE ™ 45 m?

((B2-B22+7(E-BY)

AZ/ AP
@ Exercise 11:
a) Count mass dimension of (L- H')(L¢ - H) and convince yourself that A in Weinberg's
operator has the dimension of mass
b) Count mass dimension of the Heisenberg-Euler term (E2 — B2)2 +7(E - B)?
Hint: any Lagrangian has mass-dimension 4 and this determines the canonical dimension of
all fields
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Majorana mass

"Resolving” neutrino mass term |

H H H H
\ % 1 |
N / |
\ / | |
N ’ |
1}7{{ F.p *
A ¢ p

(;17er7ni M2

iy

V
[Neutrino oscillations mean that there exist new particles!j
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Majorana mass

Seesaw mechanisms

There are many ways to “resolve” the Weinberg's operator, i.e. to couple to left
doublets L and the Higgs double H

AN M L A AN M
\ ’ , \ ’
N\ singlet fermion 2 triplet scalar N\ triplet fermion #
N
N
L, Ls L, g L Ls
Type | see-saw Type Il see-saw Type Il see-saw
extra singlet fermion extra SU(2) triplet scalar with extra SU(2) triplet fermion with
hypercharge 1 hypercharge 0

Also models with “loop mediated neutrino masses”, split-seesaw, etc.

Strumia & Vissani “Neutrino masses and mixings and...” [hep-ph/0606054v3]
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Type | seesaw mechanism. |

Below | will concentrate on the Type-l seesaw mechanism )

@ Let us add a right-chiral fermion N to the Standard Model:

jSeesaw Typel:i//)SM‘Fi/\_/aN—F F/\_/(F/L) + gMajorana(N) (21)

e State v =(H-L) isa SU(3) x SU(2) x U(1) gauge singlet
= N carries no U(1) charges
= Majorana mass term Zajorana(N) = %l\_IMNC +h.c is possible for N
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Type | seesaw mechanism. [l

@ In terms of v and N we get:
Y 1 % 0 Mpirac ve
ofSeesaw Type | — ofSM + IN(;N + 5 (/\7(_-) <mDirac M ) (N) (22)

@ here Dirac mass mp;,c = F(H), F is a active-sterile Yukawa coupling

@ The mass term in (22) is diagonalized via rotation by the angle ¢

v=cos?} Vv— sint N~ v— & xN¢

(23)
N=sin® v:+ cos®d N~ N+ & x v
assuming ¥ < 1 and neglecting ¢(9?) terms
@ The mixing angle ¥ is defined via
9 ~ MDirac (24)

M
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Type | seesaw mechanism. Il

@ Both v and N have Majorana mass terms:
_ 1. 1 -
ofSeesaw Type | 235M+IN3N+ EVmVVC+§NMNNC (25)

where

RY:
mvz% and My~M

@ Type-l seesaw model describes two particles
— V — massive neutrino (mass eigenstate) with the mass m,
— N — a new particle with mass My

We call this new particle
“Sterile neutrino”
or
“right-handed neutrino”
or
“heavy neutral lepton” (HNL)
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Properties of sterile neutrinos

o Recall that we defined the particle N as rotation fro m the basic (v, V)

Vv=v—-19xN°

NNJHSXVC}év_VJrﬁxNC

@ Neutrino v has the following interaction types:

Charged currents: Zec = \%57’1(1 —¥)vW,
A (26)

Neutral tss Ac=-——VH(1-%)vZ

eutral currents NC 2cosOyy v (1-%)vZy

@ Sterile neutrino N thus inherits the interactions

- ()
Charged current-like:  Zcc = g\@ (1 —w)NW,

gV
cos Oy

(27)

Neutral current-like: ch =

Vv (1—%)N°Z,
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Lepton number conservation in the Standard Model

o If there is a conserved charge, the lightest carrier of this charge is stable

@ Lepton sector: 3 conserved quantities lepton flavour number
Particle Le L, L; Liot

e 1 0 0 1 Prohibited decays:
Ve 1 0 O 1
u- 0 1 0 1 ° H—ey
vi 0 1 0 1 o 1L — eee
T 0 0 1 1 o T— UUU
Vz 0 0 1 1
Exercise 12: \What conservation laws make stable Exercise 13: Determine neutrino
— Proton? flavours and neutrino/anti-neutrino
— Electron? type in the following reaction:
— What decay modes would be available if any of these
conservation laws were gone? TS U+ v + %y

A quantum effect, known as quantum anomaly violates these symmetries. Not important for particle physics

processes at zero temperature
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Total lepton number

@ Type-l seesaw Lagrangian means that neutrinos have
Majorana mass

1 _ 1 )
zv mass — EmVVVC = EvaVC + @(19) ¢ é

@ Total lepton number is violated

@ We killed one the global symmetries of the Standard
Model

@ There are consequences for killing it
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Mass and charge eigenstates

Some useful slang

e Mass eigenstates (or “propagation basis") — state that obeys a free wave
equation ((J+ m?)y =0
o Charge eigenstate — eigenstate of a charge operator

e v, N are (weak) charge eigenstates
@ v, are mass eigenstates
@ Neutrinos Ve, Vy, vy are charge eigenstates
often called flavour eigenstates or active neutrinos or gauge eigenstates

@ All charges of N are equal to zero. Therefore it is sterile neutrino. Mass
state N interacts with W and Z bosons.

often this distinction is not made
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Outline

© Neutrino oscillations
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Neutrino oscillations

From mass term to oscillations

@ Mix Ve and v, with the right-chiral state /V:

fDirac — (mDirac)e‘_/eN+ (mDirac)u‘_/yN (28)
Ve ) Ve ¢ N
® X X
H'H F F*y
/A o ~

@ There is a massive state
(mDirac)eVe + (mDirac)uV,u

\/(mDirac)% + (mDirac)i

and orthogonal to it massless state v,
Exercise 14:

vV, =

— Work out oscillation probability for Lagrangian (28) in case when N is right-chiral

component of the Dirac neutrino
— In case when N has a Majorana mass term MyNN<
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Number of free parameters?

1

. . T

Active neutrino masses .#;ctive = — MDirac Ty — MDjirac
Majorana

@ Rank of the active neutrino mass matrix < .4 — the number of sterile
neutrinos.

@ At least two sterile neutrinos are required to explain two mass splittings (in
which case Y .#; ~ (1 or 2)mum

@ Number of new parameters for .4~ sterile neutrinos:

A real Majorana masses + 3 x .4~ complex Yukawas (Dirac masses) — 3
phases absorbed in redefinitions of ve, vy, Ve.

@ In total this brings us 7 x 4" — 3 new parameters with ./ sterile neutrinos.
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Number of unknown parameters?

@ Number of new parameters
11, A& =2
7><"A/3_{18, V=3

@ Neutrino oscillation experiment may determine 9 parameters (3 masses, 3
mixing angles, 2 Majorana phases and 1 Dirac CP phase)

@ Undetermined parameters are: ./~ Majorana masses + some ratios of
Yukawas (for example, one replace Fy; <> FD(J(M[/MJ)L/Q for some pairs | # J. )

o With the full knowledge of PMNS and active neutrino masses/phases we
will be able to determine

7 out of 11 parameters A4 =2
9 out of 18 parameters A4 =3
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Neutrino oscillations

Type | see-saw with 3 sterile neutrinos

Ve o~ Pr Ve N N Vi
\)f</ —> < N
HTH F F
i el 0,
@ The full neutrino mass matrix (3 active and ./~ = 3 sterile)
Ve i Ve
_ Dirac
Yu O mass Vi
H —_ 177' vr
Neutrino massterm =| N
N, Dirac Majorana N
mass mass
N3 NS
@ Neutrino masses are given by the see-saw formula:
. 1 T
Neutrino masses .#;ctive = — MDirac Mpirac
Ml\/lajorana
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Outline

@ Properties of sterile neutrinos
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Properties of sterile neutrinos

Properties of sterile neutrinos |

° (Sterile neutrino N behaves as superweakly interacting heavy neutrino]

o At energies E < My they have “Fermi-like interactions” with a smaller
Fermi constant
GF — ¥ x Gg

192 Quadratic mixing N <> v of sterile
N e Ve :
neutrinos N to V.
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Properties of sterile neutrinos Il

M ri 1/2 M. i 1/2
Yukawa coupling ~ (Ste;m") ~4%10°8 (1s(t;e\|;,>
v e

1 GeV)

Mixing angles 2 = LLAPS 5x 10711 <
M

sterile

Mass My  Yukawa coupling 2

1eV 1.3x 10712 5x 102
1 keV 41x10° 1 5x107°
Me 9.2 x 10710 1x1077
1 MeV 1.3x 1079 5x 1078
mz 1.5x10°8 4x10°10
my 3x1078 1x10710
1 GeV 4.1x%1078 5x 10711
my 5.3x10°7 3x10°13
1TeV 1.3x10°° 5x 10714
10'® GevV 1.3 5x 1020
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How heavy can sterile neutrinos be?
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Properties of sterile neutrinos

How heavy can sterile neutrinos be?

1U T . T T .
strong couplin
t>ngoocr 9 pHAg .
=
Q, [
=5 0.1 neutrino masses 1
S aretoo large
CU 10_5!' 1
% 10° 4
~
gmwr neutrino masses aretoo small
10—17 I ol ol i n J
108 107 0.1 10 101 147
LSNDT Y MSM[T ZTLHC GUTZT see-sa

Majorana mass, GeV
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Outline

© How to search for sterile neutrinos
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Interactions of sterile neutrinos

@ Sterile neutrino is produced “as neutrino” if the mass of the parent particle is
larger than My

oerT—e+tVv =>m—e+ Nif My <mp—me;
K—e+v = K—=e+Nif My < mkx—me;
K—=pu+v = K—=u+Nif My <mg—my, etc.

@ Sterile neutrino decay through charge current and
neutral current interactions

@ Interaction cross-section of sterile neutrinos with —_ e+
matter is 92 times smaller than that of ordinary
neutrino ZO

@ Even if the kinematics is right, for each X neutrinos B
that you produce you also get 92X sterile neutrinos X v P Ns
(recall 92 ~ 107! for My ~ 1 GeV!)
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Outline

© Kink searches
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Kink searches in the spectrum of 3-decay

@ Tritium [-decay
T— He+e+X+N

o If sterile neutrno NN mixes with electron anti-neutrino V. with the mixing
angle 92 the amount of electrons with energy £ is proportional to:

Ne(E)dE o (1—92)(Eo — E) + 92\/(Eo— E)2— M3,
where Eg is -spectrum endpoint

o for E. < Eg— My there is a kink in the B-decay spectrum due to additional
contribution of the second term
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Kink searches based bounds on 2

10" g— LA\LALLI S L) B B B RALL B AL S RALL
Eo S ! [
I ol b I I
10 E R R ! |
E 2NN . 1
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Adopted from Atre et al. “The Search for Heavy Majorana Neutrinos”[0901.3589]
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Outline

@ Peak searches
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Peak searches?

@ Accumulate a lot of pions. They decay through 7 —e+vVvand 7 — u+v
@ Pion decay width
G2f2cos®Ocm3 [ me\? m?
ey =—""—7"—"—| — 1- —
87 my m2
See Okun “Leptons & quar

2
e Factor (%) is due to the helicity suppression (because charge currents couple
ya
to left particles only and pion is a pseudoscalar)

@ Sterile neutrino are Majorana particles. Both left and right components
couple. Therefore

M 2
[roen = Mroev X 1932 X <N>

Mme
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Peak searches for larger masses
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Outline

@ Sterile neutrinos heaver than kaon
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Sterile neutrinos heaver than kaon

Challenge

[Canetti & Shaposhnikov (2011)]

1 T T

. 2
@ Production: Nproduced o< || x Ny, o1

@ Decay lifetime:

1 g
0001

/: < ——
N VAEIE

1074

10°5 L L L L
0.10 015 020 0.30 0.50 0.70 1.00

150 200
M [GeV]

@ Probability to decay over distance L: p(L) =1—exp(—L/ly)
@ Number of events in the detector with length Lget

Ldet
In

Nevents o

o |97

o Probability o< |%|* unless the particle decays ~ 100% inside the detector
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Sterile neutrinos heaver than kaon

Bounds on sterile neutrino coupling 193
From “SHiP Physics Paper” [1504.04855]

M, (GeV)

Neutrino physics with SHiP
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Sterile neutrinos heaver than kaon

Bounds on sterile neutrino coupling 193
From “SHiP Physics Paper” [1504.04855]

0.01

M, (GeV)
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Sterile neutrinos heaver than kaon

Bounds on sterile neutrino coupling 92
From “SHiP Physics Paper” [1504.04855]
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© Next step
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Next step

Finding superweakly interacting particles in lab

Proposal to Search for Heavy Neutral Leptons at the SPS

W. Bonivento (INFN, Cagliari & CERN) , A. Boyarsky (Leiden U.), H. Dijkstra (CERN), U. Egede (Imperial Coll., London) , M.

Ferro-Luzzi, B. Goddard (CERN), A. Golutvin (Imperial Coll., London) , D. Gorbunov (Moscow, INR) , R. Jacobsson, J.

Panman (CERN) M. Patel (Imperial Coll., London) , O. Ruchaysk|y(B!ﬁ$E"?_£lusanne) T. Ruf (CERN), N. Serra (zZurich U.),
M. Shaposhnikov (LPHE, Lausanne) , D. Treille (CERN) Hide

CERN-SPSC-2013-024, SPSC-EOI-010
e-Print: arXiv:1310.1762 [hep-ex] | PDF

Abstract (arXiv)

A new fixed-target experiment at the CERN SPS accelerator is proposed that will use
decays of charm mesons to search for Heavy Neutral Leptons (HNLs), which are right-
handed partners of the Standard Model neutrinos. The existence of such particles is strongly
motivated by theory, as they can simultaneously explain the baryon asymmetry of the
Universe, account for the pattern of neutrino masses and oscillations and provide a Dark
Matter candidate. Cosmological constraints on the properties of HNLs now indicate that the

Several years ago an idea of a new dedicated experiment to search for steril
neutrinos (aka “heavy neutral leptons”) got crystallized J
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SHiP : Search for Hidden particles

Search for rare particles becomes official CERN theme

It took then 1 year to create a collaboration

A facility to Search for Hidden Particles (SHiP) at the CERN SPS ‘“
(5)

SHiP Collaboration (M. Anelli et a.‘ ;
(] s e WAV,

CERN-SPSC-2015-016, SPSC-P-350

e-Print: arXiv:1504.04956 [physics.ins-det] | PDFE 1
Experiment: CERN-SPS-SHIP _qmz.sfurl;gz!ngm

@ About 250 members of the SHiP collaboration from 44 institutions worldwide

@ SHiP is now an official CERN project

Timeline
@ Approval by CERN ... 2019
@ Datataking ... ..o i 2024
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Designing an experiment (very schematic)

© Need a lot of particles, decaying to neutrinos

e Muons? (i — e+ Ve+vy) — light

o Pions? (m — e+ Ve, m— 1+ V) — Yes! Below 140 MeV

o Kaons? (K — e+Ve, K— 1+V,) — Yes! Below 490 MeV

o D-mesons (D" = |cd), DS =|c5), D = |cil)) - Yes! Below 1.8 GeV
e B-mesons — ...

@ To produce D-mesons we need to produce charmed quarks. M. ~2 GeV
@ Need 10" mesons
@ Take a proton beam and hit into the target

Nimesons = 2 X Xqﬁ X NPOT

© Want to increase Np,7 — high intensity proton beam

© Want to increase X5 — high energy beam
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Super Proton Synchrotron (SPS)

@ High energy proton beam — 400 GeV

.w'w‘;v,..‘ ‘m
ALICE area LHCb
@ 4x 10 PoT (protons on target per year). Q\p =
2 % 10%° PoT over 5 years 3 . 2=

ATLAS N
@ Beam intensity: 4 x 10'3 protons/sec e —
@ Produces a lot of c-quarks: X.z ~ 1073 e .
N 1
" nca® *9. 7
< [ ©

Oleg Ruchayskiy (NBI) Neutrino physics with SHiP NBI 60 / 72



SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/

v Aatartnr
hadron absorbe T

ctive muon shield
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

v, Aatartar

ctive muon shield
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/

v, Aatartnr

ctive muon shield
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Target/

v Aatartnr
hadron absorbe T

Active muon shield N

—_——
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SHiP (Search for Hidden Particles) experiment

Step by step overview

Hidden Sector
decay volume

Spectrometer
Particle ID

Target/

v Aatartnr
hadron absorbe T

ctive muon shield N V:E
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Next step

A facility to Search for Hidden Particles at the CERN SPS:
the SHiP physics case

85 authors from 65 countries Physics reach beyond the original idea

6 SUSY

6.1 Introduction

6.2 A Very Light Supersymmetric Neutralino and R-Parity Violation

6.3 Light particles from the SUSY breaking sector

6.4 Light Dirac gauginos

6.5 SUSY vector portal I: Hidden Photinos

6.6 SUSY vector portal IT: Novel Hidden Photon decays

6.7 Axinos and saxions, ALPinos and sALPs

6.8 Additional Po
3 Scalar portal 6.9 SUSY at SHiP: Final remarks

2 Vector portal
2.1 Classification of vector portals
2.2 Matter states charged under new U(1)
2.3 Phy (less
2.4 Main features of vector portal phenomenology.
2.5 Summary of the existing constraints on light vector and light DM state
2.6 Case studies for SHiP
2.7 Conclusions

motivation for light mass than weak scale) vector particles

ibilities

3.1 The scalar sector of the Standard Model and Beyond
Y 7 Tau neutrino physics and other precision measurements in SHiP

7.1 Tau neutrino physics

7.2 Deep inelastic muon and electron neutrino scattering
7.3 Limit on Tau neutrino magnetic moment

74 Charmed pentaquark searches

7.5 Summary

3.2 Linear scalar portals: Higgs-scalar mixing
3.3 2, scalar portals: pair-production of light hidden particles and exotic F
3.4 Pseudoscalar portals

3.5 Scalar portals and Dark Matter

3.6 Dark pions

3.7 Scalar portals and inflation

8 Searches of lepton flavour violating processes 7 — 3u

4 Neutrino portal 8.1 Motivation as a null-test of the standard model
4.1 Heavy neutral leptons 8.2 7 - 3y in seesaw scenarios
4.2 Active neutrino phenomenology 8.3 Supersymmetric models
4.3 HNLs and neutrino masses 8.4 Relation to two-body LVF decays of Z boson, neutral pseudoscalar and
4.4 Direct HNL searches 8.5 Current and future experimental sensitivities
4.5 Indirect HNL probes 8.6 Proposal for a fixed-target facility

4.6 HNL and baryon asymmetry of the Universe

4.7 HNL and dark matter
4.8 vMSM
4.9 TInflation, vacuum stability, dark energy and naturalness in the ¥MSM
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SHiP physics case paper

From: A facility to Search for Hidden Particles at the CERN SPS: the SHiP physics case

Classification of vector portals ; Kinetic mixing ; Anomaly-free gauge groups (B—L, L, —L; etc) ; Other
froms of vector portals. ; Chern-Simons portal ; Matter states charged under new U(1) ; Higgs mechanism in
the dark sector ; Supersymmetric U(1)’ models ; Self-intereaction of dark matter via light mediators ;
Production and detection of kinetically mixed dark photons and baryonic vectors. Scalar portal ; Hidden
Valleys ; Light scalars in supersymmetry ; Singlet extensions ; Additional Abelian gauge groups; Models with
R-parity violation ; Linear scalar portals: Higgs-scalar mixing ; Existing experimental limits ; Probing Exotic
Higgs Decays at SHiP ; Hidden sector scalars ; Hidden sector fermions and vectors ;Pseudoscalar portals ;
Scalar portals and Dark Matter ; Scalar as a mediator between DM and the SM ; Scalar as a DM candidate
; Dark pions ; Light inflatons ; Neutrino portal ; Heavy neutral leptons ; Left-right symmetric models ;
Left-right symmetric models with GeV-scale HNLs ; Inverse seesaw and GeV scale singlet fermions ; ALPs
and other PNGBs at SHiP ; Connection to Dark Matter ; ALPs coupled to two gauge bosons ; ALPs coupled
to SM fermions ; SUSY; A Very Light Supersymmetric Neutralino and R-Parity Violation ; Light particles
from the SUSY breaking sector ; Origin of light sgoldstinos Light Dirac gauginos ; SUSY vector portal I:
Hidden Photinos ; R-parity conserving photinos ; ...
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New particles?

Strength of interaction

Particle mass
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New particles?

Strength of interaction

events

Particle mass

u]
)
I
il
it

64/ 72

Oleg Ruchayskiy (NBI) Neutrino physics with SHiP N

@



New particles?

‘@ H
guen | fgms e
"o Energetic
o collisions
el A
§".\..m 3 w‘j} 4 W mﬂ%%stars baryon neutrinos

. dark matter

Strength of interaction

events

Particle mass
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Outline

@ Why this is interesting?
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We describe the Universe with a handful of numbers.

... but what particles are behind these numbers?

stars baryon neutrinos

dark energy dark matter
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We describe the Universe with a handful of numbers. ..

... but what particles are behind these numbers?

What broke the symmetry between particles and antiparticles
in the early Universe?

4.9% |stars baryon|neutrinos

dark energy dark matter
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Why this is interesting?

We describe the Universe with a handful of numbers. ..

... but what particles are behind these numbers?

We know (indirectly) that neutrinos have masses (Nobel prize
2015) but we do not know their values

stars baryon|neutrinos
dark energy

70 detection of

Oleg Ruchayskiy (NBI) Neutrino physics with SHiP
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We describe the Universe with a handful of numbers. ..

... but what particles are behind these numbers?

We measure the gravity pull of a substance that fills the
Universe, gives mass to galaxies, but does not emit any light

stars Daryon neutrinos AR
dark energy dark matter
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Why this is interesting?

Resolving cosmological puzzles with just 3 particles

Boyarsky, Ruchayskiy, Shaposhnikov “The Role of sterile neutrinos in cosmology and
astrophysics” Ann.Rev.Nucl.Part.Sci. (2009)

2.4 Mev 1.27 Gev 171.2 GeV
*u “c [*t
up charm top
4.8 MeV 104 MeV 4.2 GeV L
_1/3 d Ly, S Ly, b Left chirality
down strange bottom l
~0.04 eV T
Vv
T . LS
- Right chirality
neutring
» 0.511 Mev 105.7 MeV 1.777 GeV
S |4 5l 1
the Pn B
o)
- electron muon tau
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Resolving cosmological puzzles with just 3 particles

Boyarsky, Ruchayskiy, Shaposhnikov “The Role of sterile neutrinos in cosmology and
astrophysics” Ann.Rev.Nucl.Part.Sci. (2009)

2.4 MeV 1.27 GeV 171.2 GeV

*u *c |“t
up charm top
4.8 MeV 104 MeV 4.2 GeV Left chiralit
ert cnirali

-5 d - S -5 b ) y

down strange bottom l
<0.0001 ev //~keV [ ~0.01ev // ~Gev [ ~0.04ev // ~Gev T

oV 0
Nl NZ Ve Right chirality

[ sterile

q " tau

n sterile | MUOy = sterile ind b :
'ié neutringNeutriy 1© neutrinoficUtnf ~ neutrino
» 0.511 MeV 105.7 MeV 1.777 GeV
S |e il 1
2
5 T
Q
- electron muon tau

Oleg Ruchayskiy (NBI) Neutrino physics with SHiP NBI 67 /72



Why this is interesting?

Resolving cosmological puzzles with just 3 particles

Boyarsky, Ruchayskiy, Shaposhnikov “The Role of sterile neutrinos in cosmology and

astrophysics” Ann.Rev.Nucl.Part.Sci. (2009)
! sterileE

¥ 2 neutrino

sterile
neutrino

stars baryon neutrinos

muoy /
neutriy 10

dark matter

dark energy
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Why this is interesting?

Questions?
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List of abbreviations/notations |

SM:

If there is some professional jargon that | use but do not explain — please, tell me, I'll put it here

Standard Model of elementary particles; particles in the Standard
Model Lagrangian.

Active neutrinos: in the context of these lectures the SM neutrinos (Ve, vy, V)

BSM:

BAU:

BBN:

will be called sometimes “active” (or “ordinary” neutrinos). We
will also mean charge (rather than mass) eigenstates

(= “beyond the Standard Model”) — phenomena (puzzles) that
cannot be explained by the conventional particle physics (Standard
Model) coupled to the Einstein gravity

baryon asymmetry of the Universe: absence of primordial
anti-matter in the visible part of the Universe

(= “Big Bang Nucleosynthesis”) primordial synthesis of light
elements (Deuterium, Helium, Lithium). Abundances of these
elements, predicted by the hot Big Bang theory have been
confirmed experimentally which serves as the most distant clue
about the history of the Universe
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Why this is interesting?

List of abbreviations/notations |l

CMB: cosmic microwave background — relic radiation from recombination
of protons and electrons into hydrogen when the Universe was
about 380,000 years old

DM: dark matter — at galactic scales and above the motion of tracers of
gravitational potential are not described by Newtonian gravity
sourced by the observed matter

Ordinary matter: (also sometimes “baryons”) in the cosmological context by this
name one calls all matter that exists in the form of gas, stars, etc.
and is made of the ordinary particles (baryons + electrons).

Sterile neutrinos: (denoted by N or N, where | =1,2,...) the right-handed counterparts
of the active neutrinos inert with respect to the SM interactions

PMNS matrix: Pontecorvo-Maki-Nakagawa-Sakata matrix

Planck mass/scale: for particle of such mass Compton wave length equals to its
Schwarzschild radius, Mp; = 1.2 x 10'° GeV.

Indexes: a,f = {e,u, v} — flavour indexes; | =1,2,....4 — index numbering
right-handed fermions.
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List of abbreviations/notations Il

MNZ

Higgs vev:

M.,

Mass matrix of active neutrinos (size 3 x 3)

. (sometimes, mp;..c) — Dirac matrix, mixing active and sterile

neutrinos generated by the Yukawa interaction with the Higgs
boson (size 3 x /)

(sometimes M;, where | =1,2,...) — Majorana mass of sterile neutrino,
with good precision coinciding with its propagation mass (p® = M3))

v =174 GeV. This means that Dirac mass mp = Fv (rather than

mp = %Fv used e.g. in Peskin & Schroeder)

Reduced Planck mass used in cosmology (M. = , /Wﬁ/\/lpbnck)

Unless otherwise stated /i = ¢ = kpojtzmann = 1. ‘
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