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The Nobel Peace Prize 1975 was
awarded to

Andrei Dmitrievich Sakharov

"for his struggle for human rights in the
Soviet Union, for disarmament and
cooperation between all nations.”

[HOHTA CCC 1991 ISK

e PhD in 1947
e \Worked on thermonuclear bomb

e |In 1950 with Igor Tamm proposed the idea of Tokamak

Tlaypeam Hobe/leGCKLl npemuu e 1963 He played a role in the Partial Nuclear Test Ban Treaty

AL Caxapos 1921-1989 e 1967 the paper “Violation of CP Invariance, C Asymmetry, and Baryon

Asymmetry of the Universe”

e 1975 Nobel Peace Prize

e 1980 — 1986 internal exile
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Open letter of Russian scientists and science m
| Caonnesanuc

journalists against the war with Ukraine

© FEB 24, 2022 Cee)xxue 3anucm

Open letter of Russian scientists

We, the undersigned Russian scientists and science journalists, declare our strong opposition to the Russian hostilities and science journalists against the

launched against the Ukrainian people. These hostilities are incurring huge human losses and undermines the foundations of war with Ukraine
the established system of international security. The responsibility for unleashing a new war in Europe lies entirely with

Russia.

There is no rational justification for this war. Obviously, Ukraine poses no threat to the security of Russia. The attempts to k

use the situation in Donbass as a pretext for launching a military operation are totally contrived. The war against Ukraine is

unjust and frankly nonsense.
February 2022

llraina hae haan and ramaine a nnnintrug nlnea tin e Manu af e haua ralativae friande and Aanllaamiace livina in | leraina |

almost 7900 people signed

[Mognucu npoaonxarT npuxoanTb, AobaBiAeM o Mepe cu (cendac Ha cante nx no4tn 7900)

3 https://t-invariant.org/2022/02/we-are-against-war/
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e Standard model and its problems
e Baryon asymmetry of the Universe and Sakharov conditions
e Seesaw mechanism
* | eptogenesis
e Parameter space of low-scale leptogenesis

* Phenomenological implications
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The Standard Model

|1 e Gauge theory

;i‘ g SUB) X SUR2) x U(1)
A ) e Explains all laboratory experiments
fy 125.1 GeV
> _ photon ] H e Together with General Relativity (or,
(o2ev ) o e.g. Einstein-Cartan theory)
/) explains the evolution of the universe
ey ¢ < NS after the Big Bang Nucleosynthesis (t
: 55, 3 I/I;i > 1 secC)
\ — e According to Scientific American, it
led to 55 Nobels
Global symmetries:
baryon and lepton numbers are conserved (classically) e Are we done?

q—ePBq, G- e P3G

(Ve, €) — ewe(ve,e), (Ue, €) — o 1Be (Ue, €)

(Vm p) — e'fn (leu), Dmﬂ) — e n (Duna)

(v, T) — ewT(VT,T), T) — e_wT(DT,T‘)

Image credit: Juraj Klaric
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Beyond the Standard Model

Neutrino flavour oscillations

(violates La conservation,
iImpossible if neutrinos are

massless)
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Baryon asymmetry of the Universe

0gh®
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 No antimatter in the present universe

e Baryon to photon ratio
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Where the asymmetry comes from?

Sakharov Conditions (1967)

e Baryon number violation

e C and CP violation

e Deviation from thermal equilibrium



Where the asymmetry comes from?

Sakharov Conditions (1967)

e Baryon number violation

Nonperturbative sphaleron processes at T>130 GeV

[Kuzmin, Rubakov, Shaposhnikov 1985]

e C and CP violation

Present in the SM, but too small

Ggslzszs3sin5mfm§mcsz ~1000 < A~ 10710

e Deviation from thermal equilibrium

No electroweak phase transition for M > 73 GeV

[Kajantie, Laine, Rummukainen, Shaposhnikov]
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HISTORY OF THE UNIVERSE
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Solving the Standard Model problems
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The seesaw mechanism

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow; Mohapatra, Senjanovic

the masses of ) M, <09eV/ic>  [KATRIN, 2022]
the neutrinos are tiny ) m, < 0.12¢V/c* Lyman-alpha

A mathematical fact:

0O m
m M

M
2

+m2

M
i _
2

the eigenvalues 4,2 =

m<<M, A =M,
parametrically smaller

than m and M

to implement this in the SM
right-handed neutrinos are needed
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The seesaw mechanism

L =Lgy+ivgyovg — Falza&)VRI h.c.

0O m
m M

Mass states N; (~HNLs), / = 1,2,...
® is the SM Higgs doublet, L, are the SM lepton doublets

F; are new Yukawa couplings, M;; is the mass matrix of RH neutrinos

T g )

PMNS 2 2 2 ':

L T U 3 G)CZINC’ | Ual — | ®a2 | + | ®a3 |
<(I)>F al 9)

O, = U°=% |U,|

15 HNLs (Heavy Neutral Leptons)



The quest for Heavy Neutral Leptons

Muon coupling dominance: UZ: Uy:Uz = 0:1:0

-2
o~ )10 ‘
(miXing D:' 102 ‘[::r;«n\!H L Belle ‘ / /
- 0 | X ())(H:i ((i(l'lx N 1 -’:5"‘--»:::‘_:. p C$$ /
1074 & | ”
107 N
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Physics Beyond Colliders at CERN: Beyond the Standard
Model Working Group Report. 1901.09966
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Heavy Neutral Leptons: Leptogenesis

The same N can be responsible for the Baryon Asymmetry!

Fukugita and Yanagida, 1986

Reviews: Buchmuller, Bari, Plumacher:
Leptogenesis for pedestrians, 2004
Bodeker, Buchmuller, 2009.07294

* B violated by sphaleron processes
e CP asymmetry in N decays

e Deviation from equilibrium when I', ~ H

6 L 7 L.
| g | — (N TN TN~ lgp) =T (N; > 1)
sz\l ’ Nzﬁ% N szl SZ_F(NZ'—>Z¢)—I—F(N,-—>7€;5).
z
Im(F'F)?
Davidson Ibarra bound, 2002 FI*

M > 10° GeV
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Low-scale leptogenesis and the Neutrino Minimal
Standard Model (VMSM)

DM candidate

V masses via see-saw
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T & N
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& & &
= = =
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T N N
= = =
( <2ev (<190 keV (<182 MeV
& o) &
F Ve B V,u FUr
/4 neutrino

BAU

(DM production)

125.1 GeV

H

Higgs

My 2 0.1 GeV

Nearly degenerate

Asaka, Blanchet, Shaposhnikov 2005
Asaka, Shaposhnikov 2005

1.28 GeV

¥l )

sy

95 MeV

B3| )

125.1 GeV

( ) H
91.2 GeV
Higgs

105.7 MeV

FIETI

suoids|
N

m~ keV Einstein-Cartan gravity? 2008.11686

Baryogenesis via oscillations
Akhmedov, Rubakov, Smirnov, 1998

Asaka,Shaposhnikov 2005

18


https://arxiv.org/abs/2008.11686

BAU in the YMSM
(model with two right-handed neutrinos)

* Initial idea: Akhmedov, Rubakov, Smirnov
* Formulation of kinetic theory: Asaka, Shaposhnikov.

* Analysis of baryon asymmetry generation in the VMSM:
Asaka, Shaposhnikov, Canetti, Drewes, Frossard; Eijima, Ishida;
Shuve, Yavin; Abada, Arcadi, Domcke, Lucente; Hernandez, Kekic,
J. Lopez-Pavon, Racker, J. Salvado; Drewes, Garbrecht, Gueter,
Klaric; Hambye, Teresi; Ghiglieri, Laine; IT; ...

19



baryon asymmetry from lepton asymmetry
by the sphaleron processes ;. min, Rubakov

Shaposhnikov 1985

. Thermal !
leptogenesis

R

Resonant |
i leptogenesis

My

Akhmedov, Rubakov,

:- Pt i) -g.-- —ams

2 right-handed neutrinos (HNLs) with

almost degenerate masses M), Bvidson-lbarra boand ™

4
- —

My slide from BLV 2019
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Different leptogenesis mechanisms?

.~
.

10-5 _ ! ! ! b T ! ! ! b T ! ! ! v W i ! ! ! '55

1076 F . — For My > My, the decay width (and hence ?

o T, " the equilibration rate) becomes large. HNLs E

10 3 ey rapidly reach equilibrium. Sakharov’s E

108 [ Ny condition is not fulfilled. ]

109 | ) '

= 1010} : p E

101

1072 | L / ;

1013 | | ]

1024 | :
10° 10t 102 103 10*

My, GeV
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Different leptogenesis mechanisms?

107

106f
107 |
108 |
107 |
NS 10°10 |
1071 [
1042;
1043;
1044;

10—15 :
109

EE
IE_
F
IE_

E

1o

102 10 10
My, GeV

T Lepton asymmetry is generated in
sph decays of N

If My < 130 GeV one can expect

that this asymmetry is not transferred
to BAU
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Different leptogenesis mechanisms?

Is there a gap?

107

106F — ]
108 | ]
10 |
NS 10°10 | ?
10-11 | _ﬂ
10-12 F ; ' ?
1093
1094 ;
S T T B ¥ Vo R T,

My, GeV

5P
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Description of low-scale leptogenesis

e Quantum kinetic equations (to capture HNL oscillations)

.dnAa Mo dgk . d3k ~ _
() 7 — —22? (27_‘_)3 Tr[Fa]fN(l - fN) + Z/ (27_‘_)3 Tr[FOé (5101\7 T 510N)] )
UL TN P WA o N PLCY N )

i o N PN 9 y OPN za a_TN NJ|

. dopy : dp?\(,—l _ 1 _ 1 ~ [ la T
i—— =—i— = [Hy,py] = 5 {T. 0o} + 3 za:ra 2 fn(1 = )|

Not affected by Susceptibility matrix — 2x2 HNL matrix of
sphalerons spectator effects densities

* The equations must be solved numerically
e Scan over 6-dimensional parameter space (mass of N, mass splitting, phases of Yukawas)
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Description of low-scale leptogenesis

Significant theoretical developments since 2014

[1605.07720, 1703.06085, 1703.06087, 1605.07720, 1709.07834, 1711.08469, 1208.4607, 1606.06690,1606.06719, 1609.09069, 1710.03744,
1808.10833, 1811.01971, 1905.08814, 1911.05092, 2004.10766, 2008.13771, ...]

* Fermion number violating processes (processes with and without helicity flip)
Eijima, Shaposhnikov; Ghiglieri, Laine

e Accurate computation of the rates (including Landau-Pomeranchuk-Migdal resummation of
multiple soft scatterings)

Ghiglieri, Laine

* Spectator processes
Shuve, Yavin; Ghiglieri, Laine; Eijima, Shaposhnikov, IT

e Gradual sphaleron freeze-out
Ghiglieri, Laine; Eijima, Shaposhnikov, IT

o Rates for HNLs with M ~ My,
Klaric, Shaposhnikov, IT

25



Uniting leptogeneses

Juraj Klari¢, Mikhail Shaposhnikov, IT 2008.13771

10

— Full equations
freeze-in
- - freeze-out E

107
106;

107

ol There is no gap!
10-8

107

Ul®

10—10

10-11 F

L
[
.
T
.

10_12 e, Y0 e, 2

=

10—13

10-14: . . — ] s .
101 10° 101 102 103

My, GeV

* |eptogenesis via oscillations still works for heavy HNLs because the

washout of the asymmetry can vary a lot for different lepton flavours (flavor
hierarchical washout)

» Resonant leptogenesis works for My, 2 5 GeV since the asymmetry

generated in HNL decays into a certain flavour can be very large
26


https://arxiv.org/abs/2008.13771

More accurate classification of Leptogenesis
mechanisms

time time

“Leptogenesis via oscillations” “Resonant Leptogenesis”

27



Scaling of the right-handed neutrino masses

10-4 ! L ! L ! L ! L ! ! "'55
-  BAU limits :
10 o
=== freeze-in ]} 101
106 - freeze-out
i L 10° Gev
1077 10 Change of susceptibility
. matrices
10° 10-3 (up quark in
Nb 1079 equilibrium)
lo N 10—4 109 GeV -
10° L] Thermal leptogenesis
10t 11075
10-12
: 110-6
1013 [ 10
10-14: Alninininnnal A n_nnnnanl »_n_n nnnnal A _n_nnnnal A
101 109 101 102 103 ATV M- M, AM — ?AM
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Testing leptogenesis

— FCC-ee

— SHIP, |U,]?
—  HL-LHC, |U,|? ]
— BAU limits -

My, GeV
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Leptogenesis with 2 and 3 right-handed neutrino

N:?L 10—8 .

10—10 -

Low-scale Leptogenesis '
10712 4 weeee 2 HNLs, thermal
—— 2 HNLs, vanishing
------ 3 HNLs, thermal
—— 3 HNLs, vanishing

\\\

10—14 -

1071 10° 101 102 103 104
M [GeV]

Snowmass HNL WP

Image credit: Juraj Klaric 3RH case: Klaric, Georis, Drewes 2106.16226
FCC and CEPC lines: Marco Drewes
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https://arxiv.org/abs/2106.16226

The quest for Heavy Neutral Leptons

Muon coupling dominance: U: U:Uz = 0:1:0

-2
«_ 10
= 0 E‘f ;.’:, 3 EWPD / /
—— __Co &S C$$ /
1074 E
107 =
AL O\ FASER2, 3 ab™
10°° \ | N\~ « CODEX-b, 300 fb"
—7 . * ‘.“ ' N“.“
10 J ' SHiP.2x10” pot.
1078 P ATl - solid: without B,
| - dotted: with B, (upper limit)
1077 e MATHUSLA200; 3-ab™
10 : i -- B,D mesons
10™ e W,Z .. FCC-ee
10_11 L ' w ____________
10—12 1 1 1 1 L1 11 I 1 1 1 1 L1 11 I 1 1 1 L1 11
10” 1 10 W
my[Ge

Physics Beyond Colliders at CERN: Beyond the Standard
Model Working Group Report. 1901.09966

White Paper on Heavy Neutral Leptons — coming soon as a part of the Snowmass process
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Probing lepton number violation at SHIP

At colliders:
same-sign dileptons

e.g. CMS 1806.10905

Beam dump:
Scattering /

Hadron v detector

absorber Active mu@ l
s |

Jean-Loup Tastet, IT 1912.05520

Decay
spectrometer
Hidden sector §5_P_I]2
decay vessel

—_
S
e 5
......... ><
....................................... &)
| =

50 m . 10 m ,

Information about the first
lepton is lost

32
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https://arxiv.org/abs/1806.10905
https://arxiv.org/abs/1912.05520

Probing lepton number violation at SHIP

Different angular correlations for LNC and LNV processes

Decay
spectrometer
; & PID
Scattering / Hidden sector & v o oM
Hadron v detector decay vessel Total 52 =0 QCM/ l:ﬁt I+ </‘ | %>N = sin (9”2 )
absorber  Active muon shield l — H 1l B o
o 0
P | E I N | oot ”». (| = = cos (U5
H ;‘ -------- >
] B!
LU | <_>li'| )N P x1 Fcos (HZCZM)
50 m ; 50 m ,1om H frame N N frame
LNV INV
lﬁ B A
N
_ p(lab)
(H) > /p(H) G
boost <Elﬁ7LNV> ~ <EZB7LNC> random
LNC boost |1
(lab)
(:) - J_l,g
N frame . H frame — > Lab. frame
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Probing lepton number violation at SHIP

Different angular correlations for LNC and LNV processes

LNV I+ LNV "
B B A
).... .........................
N
N
>
boost <El/3, ) 2 AE ) ) 1"a1r1dom>
LNC boost 0
lab
6 - pS_lB)
N frame —_—z H frame —_— Lab. frame

Complications

* Not all production processes are 2-bodly.
e Decay products (I, x) are not massless.

e Heavy mesons are not monochromatic, which smears out the effect.

e \We need to take geometrical acceptance into account.
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pr(u2) [GeV]

Probing lepton number violation at SHIP

our own MC analysis
-correct matrix elements
-angular correlations

-in Julia language

ML Classification (boosted decision trees)
My =1 GeV
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1.2 - ® LNV ST T m—
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0.58 _ ................ ................ ' ................ ........
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0.50 ; ; ; -
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Probing lepton number violation at SHIP

== = SHjP (LNV) Seesaw (NH) PS191

©e|?

SHiP

(det.) Seesaw (IH) CHARM

NA62** (det.) BBN Belle
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z (PLNv, i — PLNv)

T; € bin

Resolvable HNL oscillations at SHIP

puny inferred using LightGBM with accuracy 0.639

2579 events, My =1 GeV, 6M=4-10"" eV

10.0 - AR SRR
75 - S SR S
50 B - A
2.5 [ A AR SRS S
10_5 \ \ \ \ \ \
_2.5 d. ................. _. .......
_5.0 R e h et araaraaasasasaseeanraanrannrnnar i nrannrnnrnrnnn . ................. _. ....... 10—7, é %
S I . N _— T o ~
0 2 4 6 8 1 12 14 § 107 ¢
Proper time t[m] <
o = —
10—13 | | . N | . N
0.1 0.2 0.5 1.0 2.0 5.0 100 20.0
eIm(w)

BAU and DM in the NuMSM 1208.4607
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Neutrino oscillation data and reinterpretation

Not all mixing angles are allowed in the model with two HNLs

Normal hierarchy 0.0 Inverted hierarchy
mmm Allowed by NuFIT (10) 1.0 mmm Allowed by NuFIT (10)
m Allowed by NUFIT (20) m Allowed by NUFIT (20)

Allowed by NuFIT (30) Allowed by NuFIT (30)
+ Benchmark points 1-7 + Benchmark points 8-14

U2/Uf
2 2 2 2 2 2
U21UE 4+ U UZ 4 + U2US =1

vl= )10, and U, =) 10,
1 a,l
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Neutrino oscillation data and reinterpretation

[]
Normal hierarchy 0.0 Inverted hierarchy A I LAS t | 't h 1 905 09 787
mmm Allowed by NuFIT (10) . mmm Allowed by NuFIT (10) rI e O n S ea rC L
mmm Allowed by NuFIT (20) @ Allowed by NuFIT (20)

Allowed by NuFIT (30)
Benchmark points 1-7 .

Allowed by NuFIT (30)
+ Benchmark points 8-14

0.4

Ui

Normal hierarchy Inverted hierarchy

Exclusion limits for:
=)= € mixing only

Exclusion limits for:
=)= € mixing only
=¥ U mixing only
—8— benchmark points
' | some parameters
I all parameters

== U mixing only
benchmark points

. some parameters

I all parameters

10 20 30 40 50 10 20 30 40 50
HNL mass My [GeV] HNL mass My [GeV]

Jean-Loup Tastet, Oleg Ruchayskiy, IT 2107.12980
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https://arxiv.org/abs/1905.09787

Neutrino oscillation data and reinterpretation

Béryogeneéis
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New experiments can close the window

Bafyogenésis

1 0_5 - ) 1 0—5

Baryogenesis

1077} ) 107}

N | (|

= 10° NH | = 10° IH -
_ NAB2x8 OO | | —NAB2 x8

10°""} _ DUNE Seesaw 107" _ DUNE Seesaw

3 —SHiP ’ . —SHiP
10 10
0 0.05 0.10 0.50 1 S 0.05 0.10 0.50 1 S

my, GeV my, GeV

350¢

300:— ax
:o“ 250:_ If 6 and 6,5 are measured to be outside the red boundary,

200}

150}

6
5
4
5  the allowed window is excluded without a need for a dedicated search experiment.
2
1
0

40 42 44 46 48 50 52

O2s.” 41



Summary and outlook

Leptogenesis: relation between neutrino physics and the very early Universe

The baryon asymmetry can be produced for masses of right-handed
neutrino
ranging from ~ 0.1 GeV to GUT scale

If the masses in the range 0.1 — 100 GeV:
experiment could reveal the origin of neutrino masses and the baryon
asymmetry

There are complementary search strategies for Heavy Neutral Leptons
(LHC, SHIP, and FCQ)

Heavy Neutral Leptons may hide even in what we think as “excluded”
regions of the parameter space (140 MeV window, single mixing limits from
LHC)
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SHIP and BDF

Summary and outlook

BDF related R&D studies have advanced well
this year and will ramp up into next year

« These have resulted in operational improvements

TT90-ECN4 baseline option further solidified
« Higher risk items were identified and mitigated

A search for suitable alternative locations is
underway and optimisation of the baseline:
« Significant potential for cost-reduction identified

-« BDF WG is well on track to focus on the most promising
option(s) for detailed studies in the coming years

2%
VA
SHiP

SHiP Summary

* SHIP science case remains unbeaten
SHIP collaboration is very active

Y et

R&D on BDF in the next 3 years
» p-shield

» vacuum decay vessel + SBT
» optimization of facility's performance
- MoU out for signatures

Investigation of detector improvement + cost reduction
» SND: replace emulsions by electronic Si-trackers

SND@LHC approved, data in 2022

* New groups are embarking on SHiP

M. Schumann (Freiburg) — SHiP 16

PBC General Meeting, December 2021
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https://indico.cern.ch/event/1089151/timetable/

FNC
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FNC
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The rates
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flavor hierarchical washout
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Casas-lbarra parametrization

F=2U/miR\/ M)y

U

0 0 COS W sin w
RN = | cosw sinw |, RM=| —¢sinw &cosw
—&sinw  £cosw 0 0
M, GeV |logo(AM/M)| Imw |Rew| o n
(0.1 —7000]| [~19,—0.5] |[-7,7]|[0,7]|[0,2]|[0, 2]
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Neutrino Minimal Standard Model
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