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Physics of right-handed neutrinos

Right-handed neutrinos can explain phenomena beyond the
Standard Model (SM).

. My
g s gSM + lI/R[}/ GMDRI — CIILO{(I)DRI — TI/RIUR[ + h .C.

1. Seesaw mechanism
-3 Neutrino oscillations

2. Leptogenesis
-3 Baryon Asymmetry
of the Universe (BAU)
3. Dark Matter (DM)
-3 Sterile neutrino
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Neutrino Minimal Standard Model (zMSM)

[Asaka, Shaposhnikov (’05)] [Asaka, Blanchet, Shaposhnikov ('05)]

Right-handed neutrinos with masses below the electroweak scale,

~ 100 GeV, can explain phenomena beyond the Standard Model
(SM) and be probed experimentally.
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g s gSM + lURI}/ aﬂle — aILa(DyRI — TURIURI + h .C.

1. Seesaw mechanism
—3% Neutrino oscillations Heavy Neutral Leptons (HNLs)
with M = 0O(1-10) GeV
2. Leptogenesis

——>» Baryon Asymmetry Search for long-lived particles
of the Universe (BAU) N, N,
3. Dark Matter (DM) with M = 0(10) keV

-3 Sterile neutrino

X-ray obsearvations N
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Goal of this work

We can probe origin of the puzzle of early Universe in laboratories!

Q1. Where should we explore for the leptogenesis?

1. Seesaw mechanism
—3% Neutrino oscillations Heavy Neutral Leptons (HNLs)
with M = 0O(1-10) GeV
2. Leptogenesis

——>» Baryon Asymmetry Search for long-lived particles
of the Universe (BAU) N, N,

3/25



Goal of this work

We can probe origin of the puzzle of early Universe in laboratories!

Q1. Where should we explore for the leptogenesis?

1. Seesaw mechanism
—3% Neutrino oscillations Heavy Neutral Leptons (HNLs)
with M = 0O(1-10) GeV
2. Leptogenesis

——>» Baryon Asymmetry Search for long-lived particles
of the Universe (BAU)

Q2. How can we probe the HNLs experimentally?

3/25



Contents

In this talk | show a parameter space of HNLs for the successful BAU
and how it will be tested in experiments.

2. Seesaw mechanism

3. Leptogenesis via right-handed neutrino oscillation

4. Search for heavy neutral leptons
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Seesaw mechanism for HNLs

Seesaw mechanism suggests couplings of HNLs are suppressed.

Ly = [MploVr ol + %DR]URI +h.c. (Mpl,y = (P)F,,;
i To mass basis under |Mp| < M,,
Ly [m”]"al.y;' o ZN]INCN, h.c. My ~ M,,
()i = = UbynstMpMyg MpIUZ, o = = (@) Uj [FMy FIIUS,

Am?, ~25%x1073 eV* = m, ~0.05 eV

m, M,y My \?
ey | F o~ [ 4 x 1078 [ —
| e =0 (aa)
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Interaction of HNLs

HNLs interact with SM particles as ordinary neutrinos through
active-sterile mixing.

M a (I) Fa GeV ?
L) Vig = [Upynslaitit© INC Mplas = (D)F ot ~T7Tx1070 —
My My My

@
=,
Il

Weak interaction with ©_,

N; Ny
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@ej 4 @TI B
€ U+
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LN = 3v) = Zl [V — w%e) = 22 [0, PV, “faMy
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» Ty~ 1sec| — » Ty~ 0.1 sec| —
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Yukawa couplings for v oscillation measurements

Neutrino oscillation measurements determine structure of the
Yukawa couplings.

Am2, ~25%x 1073 eV* and Am?, ~7.4x 107%eV? =3 N, >2
_ 2771 1T
[m,]; = = (@)Y UpynslE My Fo 10y Am?, 0,
Flavor structure;
|l 2 [F, |2 | F
1 1
= — m?2 € M2 (3x2 matrix)
(0 o) _ - . _
. cos(i Imw) = (™ + e "*)/2  sin(i Inw) = i(e™” — e™"")/2
Q=1 cosw sinw
(NH) \=sinw cosw) (QQT=1) Enhancement; Fo«e™ or e ™

e Flavor components of F, (and ®,) are not independent.
e Seesaw puts only the lower boundaryon |F,| (and |®,|)
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Yukawa couplings for v oscillation measurements

Neutrino oscillation measurements determine structure of the
Yukawa couplings.

Am2 ~25x 1073 a2 and Am2 ~T74x 1052 e N. >2

The upper boundaryon [®,| (x | F,|) is a necessary criterion
for experimental searches.

Q1. Where should we explore for the leptogenesis?

——3%» How large is the upper boundary from the leptogenesis?

(NH) k—sina) cosa)) QQT = 1) Enhancement;, F«e'™ or e

e Flavor components of F, (and ®,) are not independent.
e Seesaw puts only the lower boundaryon |F,| (and |®,|)
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Baryogenesis with HNLs

Deviation from equilibrium can be satisfied due to the smallness of
Yukawa interaction.

Observed BAU

baryon density h?
10-2 o

yoh = (0.872+£0.004) x 10710 y,= 2"
[Planck collaboration (’18)] S
Sakharov conditions
B violation 10 \,
Anomalous violation (Sphaleron) S N R
100 . - o § 3
2 * C and CP V|O|atlon o baryon—to—photon ratio 7 107

[PDG (’17)]

CP violation in neutrino Yukawa couplings

3. Deviation from equilibrium
Decoupled due to the feeble Yukawa interaction
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Leptogenesis with HNLs

Baryon asymmetry is generated by conversion from lepton
asymmetry through sphaleron process.

Sphaleron process ; anomalous B violating process at high T

28
B(T,y) = =B = LI(T,y)

T From BSM (RHv)
Lepton asymmetry production

T,,, ~ 130 GeV —» My <T —> « Decay isirrelevant
e Lepton number is

preserved effectively
—3% Key dynamics

e Right-handed neutrino oscillation
e Separation of lepton asymmetry
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Baryogenesis via RHv oscillation [1]

RHv (anti-RHv) are produced through the Yukawa interaction

RHv production

S = S — \/ v v
Whole system WE ,£ :
— LH lepton sector s N
eLa A VLa \s\\— RS o ‘Jr%— \\g}— ~0—
v Yukawa interaction N w >
11 S —_— —_— — —_—
— RH neutrino sector x5 o :}/_ g
"%
VR;

[y~ 001[F'FIT forT > Ty
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Baryogenesis via RHv oscillation [2]

RHus start to oscillate at “oscillation temperature”, 7.

d
MZ M2 T2 1 e Y
Hy =~ diag | —, = H=[FFl— . . "
2p 2p 3p F L, F
(. AN, o
Oscillations of v 72
2 _ ag2 "H=—
_i<M12pMJ>dt Hubble param. 7
e
\_ ), (Mo =17x10""GeV)
M? — M? , . .
> =H gives a temperature where the oscillation gets active.
1 1

ey T~ (AMMM,) ~ 103 GeV AM_\ (M "
3 ~ 3 e
0 10-8 GeV 1 GeV

M, +M M, —-M
V= 22 L AM 2 1
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Baryogenesis via RHv oscillation [3]

The oscillation of RHvs affects flavor transition of active neutrinos,
L, = L.

CP violating flavor transition of
active neutrinos
Asymmetric param.:

L Fa o AN, o ) F o | AY= TBlFlFTFLF]
5 Oscillations of v #0
: o M2 M2 n, < A“
| oG o]
\_ Y,
_ - ZAa —
| D(Lo — Lg) # T(La — Lg) | £
—> nLe#O, I/lLﬂ;éO, nLT#O
Am?
cf. CP violating v osollanns P, = 54\5[ U3 U J,] sm< 2EUL>




Baryogenesis via RHv oscillation [4]

Net lepton asymmetry is produced in evolution with flavor
difference in Yukawa couplings.

CP violating flavor transition of
active neutrinos

Damping of n;,

bo_Ta ] URI M/WV\/ URJ\ Fpr Ly Ly Ty Upg
' Oscillations of vy .
5 > E
: —i ( M} M > dt ’ =
b e 2p d d
- Y
(Lo — Lg) # F(Za — l_lg) ny = ZnLa
anLe;éO,nLﬂ;éO,nLT;éO #Oa

nLe + nLﬂ -+ nLT — O

28
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Evolution of asymmetries

The evolution shows the feature clearly.

Flavor asymmetries Total asymmetry
4x10™ — T T 2x107"° T — T
3x10°8 [ My - 1.5x10710 |- |
2x10°8 |- — X107 N
o 1x10° |— — % 50" = [N N
: £ of
0 ;:5 sx1071 - / -
1x10® ] e L,tot B
2x107 m -1.5x1071° Z/ -
0 T 2900 )
T . ~10° GeV e Lepton asymmetry separation

(M =1GeV and AM =5-10° GeV) » Only ny ,,, converts into ng
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Improvements of the leptogenesis

The leptogenesis has been studied actively in recent years and the
upper boundaries on HNL mixing angles have been updated.

Improvements of theoretical indication

o2

10

NH

U= )10,
a,l

]
e
e
e
' d
o,.“ -
fe, o=
.
a
e
fa,

-  new bounds ]
+ Canetti et al., arXiv:1208.4607 |

Drewes et al., arXiv:1609.09069 -

2012 —=2016
Iy ~ 0.006F*T - ~ 0.01F*T

10y e,
................. 2016—2018
e e Lepton number violating
............... effect
S e, . .
< * Processes in the Higgs
oo ' phase
o N e Plasma neutrality
L0 TN e Exact treatment of
sphaleron process
10-11 E . e e
-1 100 ET S
N 1, Gl 1 16/25



Indication to experiments

Upper boundaries on individual mixings are evaluated from full
parameter scanning.

Individual mixings | U, |1 U,| with My Y 10arl18ps* = |Ual*|Usl?
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Intensity frontier experiments

There are some intensity frontier experiments in near-future, FASER,
MATHUSLA, SHIP and so on. ,

Search for Hidden Particle (SHIP)

AWAKE (previously
CNGS)

Production of HNLs
BY (DY) — Ny + 1
Hidden Sector

‘ @ ‘ 2 decay volume
ol

Spectrometer
=, Particle ID

Target/
hadron absorbe

v detector Decay of HNLs

ctive muon shield — ]t
[The SHIP collaboration (’15)] 9
20277~ SZT
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SHiP experiments

SHiP experiment tests the wide region of parameter space for
Leptogenesis for My < my,.

2 _ o D2iMi, o —2
U= = Z |@O<I‘ = : (Xw + Xw ) Xw — eXp(Imw)
2M
a,l
NH
104 L "
............. Insufficient BAU
I ~~‘ ......................... | mp: = 1869 MeV
e _ I mp = 5279 MeV
106 i S0 : "
N N
Y AYa . | mg=6274 MeV
107 Sensitivity of "v oSN, - ¢
5 _SHiP -
108 |
10°° \ < E
10-10 :l:‘:‘.—'—_?__t - o -:
Insufficient BAU '
1071 -
101 ‘ . A .100 ‘ . - .101

M, GeV 1 9/2 5



Displaced vertex search

Displaced vertex technique in colliders is to look for geometrical
gaps of vertexes in trackers.

It has potential to address remaining parameter regions, My 2 mj.
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Displaced vertex search at LHC

Displaced vertex search can be performed at LHC.

Sensitivity estimation

Nevents = Nparent - Br - Pgec - €

Pdec — e_lmin/CT<’YN> _ e_lmax/CT<’7N>

Parent /Experiment lins lmax Cross-section Number (E)
W @ ATLAS/CMS, Short DV{0.4cm, 30cm [72]| ow ~ 193nb [87] |5 x 10" -
W @ CMS, Long DV 2 cm, 300 cm ow ~193nb [87] |5 x 10* -
B @ LHCb 2cm, 60 cm [66] |05 ~ 1.3 x 10° pb [88](4.9 - 10384 GeV [39]

B e 0.100; IIIIIIIIIIIIIIII 3

% é 0.0505'

‘3 "2 0.010: T

= ©  0.005} :

2 = | _

: —Br(W - N +1) T 0.001} — pmixing

— fo56Br(B > N + X) Y 5.x107% =T mixing
05 1 5 10 50 5 10 15 20

HNL mass [GeV] HNL mass [GeV]
[Kling, Trojanowski (’18)][Aaij et al. LHCb Collaboration ('11,’17)] [Cottin, Helo, Hirsch (’18)] 2 1 /2 5




Displaced vertex search at ATLAS and CMS

ATLAS/CMS can extend experimental reach of the mass.

Parent /Experiment lins lmax Cross-section Number (F)

W @ ATLAS/CMS, Short DV|0.4cm, 30cm [72]| ow ~ 193nb [87] |5 x 10" -

W @ CMS, Long DV 2 cm, 300 cm ow ~ 193nb [87] |5 x 10™ -
B @ LHCb 2cm, 60 cm [66] |op ~ 1.3 x 10° pb [88]|4.9 - 10'° |84 GeV [39]
------------------------- 13—
Previous searches : Previous searches |
|10
LHCRun4 | 107
o ] 6: LHC Run 4 |
=) > 107
107
i DV, ]
. 10—8;‘ \ e 3
DV : :
10—108 10—9- ,,,,,,,,,, DYS ,,,,,,,, ]
5 10 15 20 25 30 5 10 15 20 25

HNL mass [GeV] HNL mass [GeV]
e DV W' — ITN — I (L5 ff') in inner tracker of ATLAS/CMS
Y P + +( =t N

« DV, W™ = [N — I;(u"p"v,) in muon tracker of CMS 22/25



Displaced vertex search at LHCb
Decays of HNLs in LHCb can be identified as a DV event.

Parent /Experiment lins lmax Cross-section Number (F)
W @ ATLAS/CMS, Short DV|0.4cm, 30cm [72]| ow ~ 193nb [87] |5 x 10" -
W @ CMS, Long DV 2 cm, 300 cm ow ~ 193nb [87] |5 x 10M -
B @ LHCb 2cm, 60cm [66] |5 ~ 1.3 x 10° pb [88][4.9 - 10'%|84 GeV [39]
i Previous searches \ Previous searches
1074 ' —4]
: _ 107
1075 |
N C ] N =5[]
10 P 3 - LHCb
| : 6|
1077} |
: LHC Run 4 : LHC Run 4
) S S D DU S -7 A R B R
10 1 2 3 4 5 6 7 10 1 2 3 4 5
HNL mass [GeV] HNL mass [GeV]
M*™ — I’N — 17l + ) e~ 1072
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Summary plots

DV searches at LHC and SHiP complete each other.

LHC Run 2 LHC Run 4

1074 1074 1 evious searches 1
1075 1075F T N1V N
; . N DV TTA- -
Yo 1078} Lo 107%;
10710 10710 557 Lovapy, 253000 fo°*
~~~~~~~~~~~ Ly e = 300 fo~'
1 0—12 r 1 0—12_
Baryogenesis -
10—14 1 1 1 L 1 10—14 1 1 1 1 1
1 2 5} 10 20 1 2 5 10 20
1074k Previous searches - 1074}
106 EREEEESS——== N\ BV, 11078 E= -
-8| I T -8|
?§ 10 _ DVs ~, 10
-10[ : 1] -10[ DVs |
10 SHiP Lpvgpv, = 160 fb 10 Lpvgpy, = 3000 fb
: Lincy =61 S Livc = 300 o™
1072 === T L S e
I Baryogenesis | T T T T == Baryogenesis | T T T Tt = -
10—14 1 1 1 1 1 10—14 1 1 1 1 1
1 2 5 10 20 1 2 5 10 20

10_5 N N‘"*~~~I~~ \ PII'EVIOUS Séarches : 1 0_5 *L ~~~~~ I . l IreVIOUS selarches |
~~~~~~~ LHCb
1 0_7 - 1 0—7 L
N ~ . N ~ \
S 109 SHP | 3 qp-ol  SHP DVs ]
Lpvgpy, = 1sq fo! - Lpvgpv, = 30001fb‘1
L =61fb” L =300 fb~
101} LHeh 10-11¢ Baryogenesis | o
B;r;o\ge‘nésrs“‘~~-__h | ---_[_C
10—13 1 1 1 1 Il - 10—13 Il Il Il Il 1 — 1
1 2 5 10 20 1 2 5 10 20
HNL mass [GeV] HNL mass [GeV]

[Boiarska, Bondarenko, Boyarsky, SE, Ovchynnikov, Ruchayskiy, Timiryasov (’19)] 24/2 5



Summary plots

DV searches at LHC and SHiP complete each other.

LHC Run 4

1 0'4[ 2revious searches -
e 2~.~._=~ rrrrr -
1076 —~— e
K
-8\
~, 10
-10[ DVs _
10 N SHlP LDVS/DVL =3000 fb s
~~~~~~~~~~~ Ly nep = 300 b~
10—12'- ‘‘‘‘‘‘‘‘‘ ]
Baryogenesis =
10—14 . . L . .
1 2 S 10 20

[Boiarska, Bondarenko, Boyarsky, SE, Ovchynnikov, Ruchayskiy, Timiryasov (’19)]
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Summary

We have a chance to prove the matter-antimatter asymmetry of
the Universe through exploring heavy neutral leptons.

Baryogenesis via right-handed neutrino oscillations has been
studied actively and the theoretical prediction to parameter space
has been updated.

In the test displaced vertex searches at LHC and intensity frontier
experiments in near future complete each other.
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Experimental bounds

Negative results in past experiments have put upper bounds on the

M; [GeV]

mIXIngS' Mixing with €
LELILE | v J T T v L B MRS L T LB LB | J 'I\’/
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1041 I } |
N
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10—10 aaal M " aa g aal M a2l aaaal s sl " M PR
0.01 0.10 1 10 100
0.100 |
i
N—
s i
10-4 _ based on CHARM _
5 DELPHI ?
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10 ? 1 | 1 | —E
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Mixing with U

0.001 ]
=
n)
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[Drewes, Garbrecht (’17)]



Cosmological bounds

Long-live HNLs may spoil the success of Big-Bang Nucleosynthesis.

Upper bound on lifetime

For My, < m,

Lifetime 74 [sec]

10,0l ----------------------- v7o———r———————r————rr—+—+7r+——+——"—rr——
s0h Mixing with v, - 504 Mixing with v,
\ \
‘ ~
20 Present result 9o 20§ “\ Present result
10F / ~ 10hF \/
EXCLUDED REGION ~ \ EXCLUDED REGION
0.5F 2 oosf N
= N
2 K Dol t al
02+ Dolgov et al. 3 02r pRS . Jgov et a
s~~~ = ~0 /
o1r  TIT=L o1r- TS
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Mass M [MeV] Mass M [MeV]
100.0 100.0 ¢
500} 50.0 §
—1 2\ —1 A ,
v =y o (67 g | g
2 100 N Excluded from BBN 2 100-
Ko 50) K50°
> @ |
g g I
My<Sm_is 5 v 51
— — i
N ~ "4 05} 05"
eXC| Uded . Excluded from direct searches
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Mass M, [MeV]

For My > m,

™™~ < 0.1sec
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Kinetic equations

The mechanism is described by kinetic equations of density matrix.

011 P12 Py - occupation numbers
P21 P22 pyy- correlations

Density matrix: p = (

For v, and anti-vp (2x2 matrix)

de : c 1 N |
Tt —i[Hn, pn| — 5 {FNHON PN} — 9 Z [FNAPua
Oscillation  Production and Destruction Communication (back-reaction)
d,O \ ) e
dé\f — [HNHON]__{FNMON IO }_l_ Z [(F ) AIOVai|

For lepton asymmetries Ap,, (o =e,v,7)
dAIOVa
dt

=T, Ap,, + Tr[ly, px] — Tr[l% pN]

Damping Communication (back-reaction)
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Kinetic equations in the Higgs phase

Gauge interaction with neutrino mixing gets dominant instead of
Yukawa interaction.

For effective Hamiltonian of vy

Lepton number conserving and violating contributions
I'=I1'_+1T I''VH «T

H=H, +H_ ', H < (M/T)*T . Lepton # violating
31/36




H and | in the Higgs phase

Effective Hamiltonian  Production and back-reaction rates

Hy = Ho + Hi. Pn=v4) YN+ ) YN, T, :(7++’7—)thth21
Lo _AMM ) a o )
0= En ] F% — @Y—I{\{a n fy_-Y—]\{a Fl/a — _'/V-I—Y—f—/,a + /Y—Yi/,oz
Hi=hy Y Y, +h > YN
(04 (04
- Coefficients Yukawa couplings
2(®)2E, (EN + k)(EN + Ey)
= \ *k
T KEN(4(EN + Ev)? + v2) YN, = < hashes  —hashg, )
, . *
 2(®)2E, (En — k) (En — Ey) ha2hys  ha2ha,
~ KENA(EN—Ev)?+y2) yN haohy, — —hashy,
G _hathB ha3h ’
2(®V2E,(En + k
Vi = ( > ( N + )yv ) ha3h23 —hazh
KEN(A(EN + Ev)2 +y2)° Y, o= .
’ _ha3ha2 ha2h
L, _2A®PE(EN Ky, .
" KEN((Eny —E)2+y2)’ yr = ez T
; ha3h*
EN:\/]C2+M2 EV:k_bL

Leptogenesis in the Higgs phase can be performed exactly 32/36



T-depending parameters

v(T)[GeV]
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Effects of LNV and in the Higgs phase

AM, eV
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Plasma neutrality

Generated lepton asymmetries have to be distributed into other SM
particles in plasma immediately.

Replacing as follows in the right-handed side of kinetic equations.
fa = wWas(T)na, +wp(T)np,

b b
oy ] Z , 22(1502 +44) 8 (3% +22)
(1) =72 : Z YT 9Ta2 1 44) 0 T T 91722 1 44)
a

T) 1 4 (2722 +77)
BV T T2 (1722 + 44)

v = (B(T))/T

107 M=1Gev : : 108
106 |
106
105 |
104} 104
103
102 |
102}
> >
w_ 101 | 0{ 10
= =
4 100 4
1072
101}
102 | 10
103 | — full egs. — full egs.
A\
Lol T W/oneutr.| 10°H - - w/o neutr.
... W/O Sph. “““ W/O Sph.
10—5 ] 1 1 1 ] 10-8 | ] ] ] T ] >
103 1072 101 10° 10! 102 103 103 102 1071 10° 10 10 103

X, = exp(Imw) X, = exp(Imw)



Exact treatment of sphaleron process

Usual approach is instant freeze-out of sphaleron process.

Kinetic equation of baryon asymmetry
ng = —I'p(np — Npe),

_ g2 869+ 333((0)/T)" Taigs(T)

T 792+ 306((R) /T2 TP

- 4 (27((®)/T)* +77)
npea = —Xx(1) ;nAas X(T) = ‘3‘3‘3(((1))/T)2 + 869

- {T4 .exp (—147.7+ 0.83T/GeV), in the Higes phase,
dif f ™

I'p

[SE, Shaposhnikov, Timiryasov ('17)]

T*.18 a‘%v, in the symmetric phase. NH, X, =4.2, AM = 3.98 x 107!
6.X 108 prmmnmmne e e ——————— : .
approach2
e approach1l |
4.x1077
= 2.x107% f/’ g .
, y
, /
0 —
2.x107? : ' : : '
. 120 125 130 135 140 145 150
T, GeV

Figure 3. An example of a large deviation. B*PP™!/B*PPr2 ~ _21.9. Upper panel, A(T) as function
of temperature in the approach with instant freeze-out (dotted orange line) and in the approach with
the separate equation for B (blue line). Lower panel, B(T') as function of temperature. The black
vertical line shows the sphaleron freeze out temperature Ty, = 131.7 GeV. To illustrate a situation
when lepton asymmetry is generated right before the sphaleron freeze-out we utilize the following
values of the parameters: the common mass of HNLs is M = 1GeV, AM = 3.98 - 107! GeV,
X, =42,6 =3n/2, n=197/16, Rew = 7/4. See also the discussion in the main text.
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Bounds from DV in ATLAS

CLd.
2 10°
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