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Heavy Neutrinos: Connecting the Very Small to the Very Large

Neutrino Masses

The Standard Model cannot explain
why neutrinos are so light
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Observed Neutrino Properties
v/ Tiny masses: m, < 0.1eV
v/ Neutrino oscillations
v/ Large mixing angles
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2
] v3 . ve |IEE V3
o i V2
=4 ) [~ g
[} vy | vz | 1
0 K}
mve Bv:, E v

Why Heavy Neutrinos?
* Natural in many theories (Seesaw, GUT, Left-Right, ...)

A Common Thread

Heavy neutrinos can address fundamental
questions across scales

Neutrino Masses Lepton Number
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| Key Parameters )

Mass: My (eV — GUT scale)

Mixings: Veywithlé =e, u, 7

Nature: Majorana or pseudo-Dirac

Lifetime: can be prompt, displaced, or cosmological

e

Cosmic Evolution

Heavy neutrinos leave imprints
at different epochs

Early Universe
(Quantum gravity)

Inflatinn
Rapid expansion

Leptogenesis Era
N decays create
lepton asymmetry

BBN
Light elements
formation

CMB Formation
Universe becomes
transparent

Structure Formation
Galaxies and stars

13.8 Gyr - -

Today
We are here

Today )

Cosmological & Astrophysical Imprints
Generate baryon asymmetry (Leptogenesis)
Affect Big Bang Nucleosynthesis (BBN)

Leave signatures in the CMB

Influence supernova dynamics and neutrino signal

* Right-handed neutrinos are gauge singlets \ ' Y, ; _
o Can have masses from eV to near the GUT scale | se-eeererrreremeesseeeesssncensunsnennns [Bensamisssossssssasasiihnsdasasinsessusnmssss * Possible dark matter candidates or portals
.- . . n : N J
. * Mix with active neutrinos via Ven \/ N/ / v 7
\ =
S Heavy neutrinos provide a unifying framework
e ISR linking the microcosm of particle physics to the
oY = | -, macrocosm of the Universe.
(ngllécégrs ) g::f’n-rg;?:;! Neutrino OvpB Decay Cosmology Astrophysics ] : .
o AL iR FASER? Experiments (GERDA, LEGEND, | (cuB, LSS, BBN, .) (Supernovae, A multimessenger approach is essential
irect production, » ) (DUNE, Hyper-K, ; 3 . | .
& displaced NA62, ...) \ nEXO, ...) DSNB, ..)) to uncover their nature.
RISTIPUSCIoRIoce Meson decays IceCube, ... | ; Early Universe :
signatures — HNLs Indirect probes | | Majorana nature Stellar & SN signals
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m, # O == NP

(1). No right handed neutrino vy (2). Majorana mass with only v;:
. : 1
No Dirac mass term [ECZSE ) 17 o Ko ZL, = ED_LMIJE +h.c

No RHNs + only doublet: neutrinos are massless, with distinguished by separate lepton numbers
1 U .y U ey [ [ . L

e [/ T e M T

Neutrino mass can only be generated by relaxing (1) or (2): need to extend the SM

Dirac neutrinos ? Add gauge singlet RHNS v/p: — gpleptons LY, ®e, + LY ®up + h.c.

mass

] ]
Ch gldl t Dj ‘ tri Neutri Di
argea Lepion 1r’aC 11eutrino eutrinos are virac
(mf ~ Y NV 1My, ~ Y, chp) mass mass
The hierarchy problem:
ﬁ _m, 0.1 eV 6 1
Y, m, 0.5 x 106 eV ~ 10 Y, ~ 10

which is ridiculously small number without explanation
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Type I seesaw

_ o 1 —

gmass — 5 (UL R) mI])“ MR <NR>

out of reach at colliders

(- )
To get m, = 0.1 eV requires either

Mp ~ 10'* GeV or very small Yukawa,

Yo ~ 1070 for M, ~ 1 TeV
- K Y

\/5 ,
. ~ Y 77t diag . Tp _
Casas, Ibara: Y, ~ v Ulep\/my R\/M, with R"R =1

Ramond, Slanski 79; Mohapatra, Senjanovic 79;

Schecther, Valle 80, Minkowski 77; Yanagida 79; Glashow 79; Gell-Mann,

J

~ — )
+h seesaw( Mp > mp ):m, & mpM, 1mg
.C
Flavor mixing: v, ~ U, v, + V,n N
V¢
Vin
A 100 ¢ ™ PR T T
x L9 N ew
X Vell+el1vy, '
x
1
glo-l =
0 ° m i
Classical seesaw is @©@
fine but boring!
10-2 L L W
109 101 102
MNi [GeV]

If we want large mixings at accessible collider scales, e.g. M, ~ I TeV, then some entries

in R must be large or highly complex, leading to cancellations in mass matrix

Tuning can be reduced in inverse/linear/radiative seesaw
Avila, Karan, SM, Sadhukhan, Valle 25
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Lowscale seesaw: Inverse / Linear valeetal05 Akhmedov et al 95

Inverse seesaw: : Linear seesaw:

Field content: add Ny and Sp L[Ny = 1, L[S,] = — 1 © Field content: add Npand S,  LINg] = 1, L[S,] = — 1

_ . — | - : — T & T & NG
. ( \ / ¢
(0 my 0 ) (Uz\ - OT ”:)D M, I/L\ h
N L =(; NS SS)|m M Ny | + h.c
F= (g Ny Sp)|mhp O Mp||Ng|+he : L N k) PO |
T g : (M. Mg 0)\SRJ M, ~ Y
\ 0 Mp Hs ) \°R) : L SV
m, ~ mp(MO ™ My m! : rmy ~ M, Mg'm! + mD(Mg)‘lng

Mg > mp > g L My > my, > M

—1 —1
Vien ~ mpMp Vien ~ mpMp

Lowscale seesaw: soft LNV (g or M; — () = small neutrino mass + sizable mixing

AM AM
Pair of quasi-Dirac heavy neutrinos: @Nl = — My + N My, = Mg + 5 with AM ~ ¢ or Ma

Rephasing of N;: Pair of heavy neutrino with small-splitting AM and opposite CP phase

(v,

Flavor mixing: v, ~ P (U —iVyy V) | M Collider testable but suppressed LNV! !
N.
\""2)




Are LNV always suppressed in lowscale seesaws?

q

LNV via virtual propagation: AM/M,
LNV via on-shell propagation: AM/T"

Hirsch et al, 1607.05641

See Jose, Bruno talk

#LNV AM? X2 , AM
R = = = with x = —
#LNC  2I';, + AM? 2 +x? [y

"Pure Majorana: R = 1

Pure Dirac: R = 0

Quasi-Dirac: 0 < R < 1 depending on the ratio AM/T"y )

For discovery purposes, take agnostic/pheno approach

with generic V,,, parametrization and one N mass
eigenstate
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Strategy for uncovering the signal

101! I‘I/I I||°HI 10—4' 4 M, ~ eV: kinks in electron beta decay spectra
— |VeN|” T
[ T | ]
107 I:Zg I2 _ 18 s | My ~ KeV: peak searches in leptonic decays
i —lv,y2=10"1© ] of pion and kaon
p— 3 I |
£ 10 : _ My ~ MeV- few Gey: Long-lived: Ly 2 O(100 m),
S -1 beam dump experiments
! { My, ~ 10 GeV - My,: displaced vertex:
105 | - Ly~ (cm —m), collider experiments
10~° 10'_1 — 1(')0 — 1(‘)1 — "'102 — @N > My, Prompt decay, collider experimenta
My [GeV]

My > O(1) TeV:

This mass range is out of reach of the present collider energy. N can be probed indirectly from
loop processes such as u — ey, u — 3e, ete



Beam dump experiments: My ~ O(GeV)

Shielding / Decay Volume
Absorber

Past: LSND,
CHARM, PS191,
NOMAD....

Future: SHiP, NAGR,
HIKE, DUNE,
DarkQuest......

High fluxes of protons on an appropriate target could produce the heavy neutrinos

Detector

in meson decays: et 17
- £+ SHIP ND,DS ~ 10
N ] 13
- NA62, HIKE: Ny ~ 10
e W
d, N

Shiva, Das, SM 26

Chun, SM, Mitra, Sinha 19
Ng= YN, - BR(M; — N + X) - (P[N decay]) - BR(N — vis.)

Lmin Lgec
PIN decay]) = _L_ll— ‘L_]@)(R—t O, . +L )
(PN decay]) = e & © an 0 dec) Small | V,y|* = too few HNL

L. = P Depends on the : 5 —
N MyIy detector geometry @pmmal | Ven|™ — decay inside detect@

Large | V,y|* — decay before detector
See also Doojin Kim talk



Collider beam dump

Forward detector
FASER, FACET

Transverse detector
MATHUSLA, ANUBIS, CODEX-b

leptonic decay hadronic decay

L3

Multi-layer
tracker in roof

Scintillator ¢
surrounds 04

N\ @ Sutface detector fo*
—————————— e — — — — ) S KA
100m (Rock) < ' ," .’

=
S| muas oot W
480m «& .p":: s LHC beam pipe
At HL-LHC: ~100m 200m
0 < O(1) mrad ' N.=10",N. =107, N, = 10", N, = 10'6 : 0~ O(1) rad
n n D B
High flux of lighter mesons | pucwal — NIP(g < <g ) High flux of heavier mesons
. M — 'TM \Ymin — ¥ — Ymax e e
Best sensitivity: : : Best sensitivity:
0.1 GeV < My < 1 GeV : : 1 GeV < My <5 GeV
.................................................................................. LI R R LI RRRRLLRRRRRLLERPY
Lepton collider beam dump  Asai et al 21, Giffin et al 22, Ueda et al 23 105
Laump = 11 m £, =70m Ldecay = 50 m 10-6
) o ] ‘:r """""""""""""""" ‘Detector 1077
sl Beam Dump Muon Shield Decay Volume 10_8

—————————————————————————————————— ' 1079L ] \

: \ ILC-1000 ' 3

: , 10-10L | R

Muon collider beam dump % Sakaki, Ueda 26 E o N

MHNL [GGV]



Three body LNV Meson decays My ~ O(1) GeV

Enhanced: If the mass of N lies in the range ~ (100
MeV - 5 GeV), N on shell

[Nevent = f(Mny, VeN,le,LDD

Advantage compare to Ovfif}: lesser uncertainties in the
meson decay constant compare to nuclear matrix

elements.
T ? l
? 107!
E ) LHCDb, 14
] N 10~
_ E =
= i Yoo 3
E) . E_ 10
......... DELPHI_ 10_4
E 10”
E MN [GeV]
10
Abada et al, 17
SM, Sinha, Mitra, 16 Godbole, Maharathy, SM, Mitra, Sinha, 20
SM, Sinha, Mitra, 17 Hello et al, 10
SM, Das, Shivasankar, 25 A. Atre et al, 09
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ELPHI

0.100¢

0.001

7+ M-WZ-FCC-hh(F)

Combined-

DELPHI |

N 107°f
2
N
= 1077}
|
10 @@4/ ~~~~~~~~~~~~~ WZ‘FC "Ih(s ......
~~~~~~~~~~ )
-1 e
10 I Seesgy - .
0.1 0.5 1 5 10
My[GeV]

-, ‘.
L = N .
......
___________ @, NR(ON : SN 28 - 128
------ . ~Seo N U O = e
e 1N ~ N »
—_to® [ S ) .
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-~
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"""""

5 5

S .

. =

. ~~ ~ .
e ~.

-

—~

NAB2Z2 Ny~ 108 L, ~ 100 m, pp =75 GeV )

D

o

Belle I

Np.pg ~ 10", Lp ~ 1 M. Pp.p,s~ 0

NB ~ 1014,ND ~ 1013, < }/B > = 23,
<yp>=26,Ly~50m

V:

MATHUSLA

Np ~ 10", N, =10'°, L, ~ 60 m
pD,DS — 58 GeV

&
\/ \/

SHiP

Search for Hidden Particles




|Ven Vunl

0.100¢

0.001
©
=
107° €
o
O
" Combined | 10-7
0.01 0.05 0.10 050 1 10 0.05 0.10 0.50 5
0.100} .
_ﬁ 0.001} .
> 3
= (-
N =
> 10°° 2 |
@)
O
1077} f
0.05 0.10 10
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My, 2 O(10) GeV: High energy colliders

LHC, FCC-hh : LHeC, FCC-eh : ILC, CLIC, FCC-ee
: - - ~
4%
et v
e N

SM, Jana, Das, Nandi, 18
Blondel et al 14

" Z [~
Advantage: direct observation of LNV in fully reconstructed -
final state e Y
: )
# LNV . rA’[ =M,
IfR,, = # 0 == Majorana neutrinos : \/_ ‘ )
#LNC Nevent ~ 1012 | VeNl

- | Can probe seesaw line:

M, < M, displaced vertex  Cottin, Fischer, SM, Mitra, Padhan 21 - 2 _12
N W Chiang, Cottin, SM 19 L | Ven ™ ~ m, /My ~ 10 P
Das, LI, SM, Nomura, Zhang 24 Neutrino in final state unobservable

M, > My, prompt searches Chun, SM, Padhan 24

Mitra, SM, Spannowsky 22 Angular distribution/polarisation
- of final state particles

: . SM, Das, Shil, 23 :
- > , s, Sl : Blondel et al, 21
M, > My, : boosted jets -> fatjet Das. SM. Nomura. Shil 22 : ondel et al,

Das, Jana, SM, Nandi 18
13



e~y option at eTe™ collider

— E_=46 GeV

LASER (w,) 4l
e bunch w — E,=125 GeV
— E.=250 GeV
o \ .o 3\ — E.=500 GeV
) : 1nlggrie111;t:t10n %1 z
R <oy Wil M A z2

\—//

conversion
region

+
¢ Das, Li, SM, Nomura, Zhang, 24
J Das, SM, Shil, 23
SM et al, 23

LNV: e y — 1 + 4

LNV . . _
R,, = # 0 if N is Majorana type

LNC: e™y = £~ 4+ 4j ~ #LNC

14



Systematic assessment of signatures of heavy neutrinos at colliders:
q 0=

pp: (il5jj, (l50v

+
65
i — 4 .. 4
q N Vik e et pp: Zﬁij, EBE,EYFVV
W+
_ 4. 4o
e p: L5]j3), {57 jv
7% pp - fijjl/, ﬁiﬁ%@?u, fiw/u
N
e"e",pp: jjvv, E?ﬁguu, 000
BhE Vo VBN
£ ‘ ep: Jjjjv, (3{Fjv, juvv
VOAN ) BB )
7.e" N » pp: (Ejjy, (HECFu, (FUVV
Vo N e"et.pp: jjvv, €§€:BFVV, vV V
h VN~
______ VaN \\ h _ e .. + = .
) e p: jjjv, Lglijv, jyVV

15
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Summary of existing constraints

107240

1074

10°°

2
|UeN|
—
-]
2

[

S
[a—
-

DUNE Indirect E f HL—LHC
| E '. Y, /
L

N .

. HUNTER

eROSITA \ CMB +BAO + H,

Il

PIONEER

fﬁ HL7<L//

CLIC
\ATLAS

I

[

|

l

[

[

[

[

_ :
I
DUNE. SHiP !

107
my |GeV]

1079

https://www.hep.ucl.ac.uk/~pbolton/plots.html
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Heavy neutrino production beyond neutrino mixing

For any neutrino mass model: ¢(LNV) = 6(LNC)R with R = [0 : 1]

In usual seesaw models: o(LNC) o< |V, |2, hence if R < |, o(LNV) will be even smaller

With SM+RHNSs, simple EFT argument suggests following dim-5 MMO:
Chun, SM, Padhan 24

q/e” Ny
2
aNB o

P =" Ns N,B" +h.c. NB

NB — A ROu A VR 7 /fy 0 X T Ogeesaw | |
q/e" N,

104, \fs=My, al2=1, A=10 TeV 100;

g g

2Nlooo;— % % g\,

i Z ’\\O i

T 100: % r 10

J'rm JI," 5"

© [ O

B 10? 5

20 40 60 30 100 200 400 600 800 1000

My, [GeV] My, [GeV]
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My _MNZ,H,N 10'3,aNB_1 A=10TeV

1 Ni - !W |
0.500 7V -
0.100:

'~ 0.050"
N )4'\\
0.010; N
0.005- s g
$\/1 7'0)
A
0.001 4 SR— L F .
5 10 50 100 500
My, [GeV]

My,=My,, 6,5,=107%, ap5=1, A=10 TeV

OMy=50 GeV, 6,5, =107, aNB_l A=10TeV
1 —
0.500" N2 = Nay ]
T 0.100:
5 0.050°
]
2 0.010:
0.005-
0.001-— — e
50 100 500 1000
My, [GeV]
0My=50 GeV, ayg=1, A=10 TeV
10°11 1
1012, 1074
g —
:2;.10—13 EL 107-8:
' 5
10_14_ 10—12_

50

100

My, [GeV]

500 1000

5 10 50

100

My, [GeV]

500 1000

Ly,[m]

My,=My,, 0,5, =107, ay=1, A=10 TeV

5 10 50 100 500 1000
My, [GeV]

rDegenerate case: eTe” — N|N,, Ny, — CoWF, WT = ) eliiim— fjfbi + 4j
| Non-degenerate case: Ny — Ny, Ny — CIWF, WH = jj  eliiim— fjbﬂ;: + 47 + V)

~
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Minimal Linear seesaw with extra doublet

Here we realize linear seesaw within the Standard Model Gauge group itself:

(0 mp, ML\
mb 0 Mg

M, Mg 0

)

break the global U(1); lepton symmetry softly in the potential:

SM, Valle et al, 23, 26

M, ~ Ysv,is small due to small v,. We take Y ~ O(1)

How to obtain small v,? == V C — (u2,®'y, + h.c.)

2

H12Vo
This gives the following induced VEV: V, = 2 —> small for small y;,
YsL7,Sp = Y7, PpNH™ + hc A
( + .. \
et N o H- My > My: BRHT - ¢*N) ~ 100%, BRWN = %)) ~ 15%

\\// T + 4 (LNV)

it ete” - NN< _

H £+ + 47 (LNC)

\—

CEC~CF + 4f (LN

ey - NH™ < o
£ ¢F + 4j (LNC)

_J

AM
Pair of quasi-Dirac HNL: @Nl =My — BN

AM
+ - with AMNO(AM'O) = Am32(Am213

19



LNC is large for large Y but if oscillation is not effective: LNV o (AM/M N)2

oscillations
Z N;

oscillations J

Nxooao N, N o000 N =>0"0"4j [LNC]
Nioooaoo [, N 000000 N = 00745 [LNV]
Nooooo N, N ooocs N=> £ 045 [LNV]

Nioooo [, N 00000 N => 00745 [LNC]

LNV/LNC states

N = (=iN, + N)//2

Prob. factor

P Po” N = (iN, + Ny)/y/2
PNV PN ()
PN PN

PN=N pN=N ()

0OSC 0SC

N(N)

. averaged out

(1f AM < I'v (Ly < L) , decays before they have time to oscillate: destructive interference h

If AM > 1"y, (Ly > L), they have time to oscillate many times before decay: oscillations are

J
1
103 ! ! L U LB L | T T T T 10 E T T T
= (400 : 800| GeV e
i = |Ge / D\ 100 |
H 102k VZ=10"8 | . |
0 ~1
4 10
Q‘) | — |
T 8
| 101 [ —] % 10_
o —
D, | NO 103
% 100 B mIO i
—] al ]
2 1074 ¢
10_1 — 10_5 Lol ! Lol
100 102 100 ]()1 102

My [GeV]




Large LNV through Leptoquark %

Matter stability + RHN coupling
S ma ab b i .
L= —Yi; drR5€e” L“}; + Zi; ZGRSN}% + h.c., RHN production can be large

= —Y;dbel R+ (YUppins)ijdard Ry VP + (Voxm Z) it NG RY® + Zi;di NG RYY? + hec.,

0.500

e*p(with pol.)

At ¢ p and ep collider, the relevant couplingg

5 0.100]

. p _ + __ —
are:¢; —LQ —dande; —LQ —d S, 0.050.
Quark parton distribution function = ﬁ
. is larger than that for anti-quark. %0,010
B S 0.005
Duetoe¢;, —LQ —d and e, —LQ — d coupling: |
Polarization enhancement 0.001

1 5 10 50 100 500
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Np-EFT: SM+RHNSs

In an effective field theory (EFT) framework, adding gauge-singlet right-handed
neutrinos /N allows a wide class of higher-dimensional operators, such as:

Dim-5 operators:

”>4 @%/ = aW(L_EH )(H TLL)a @ISVH = oy NyNR(H "H)

@JSVB = “NBNICe ,NgB**

Operator Notation

Operator Notation

(ZLN)H(HTH) Ong (-I—h.C.)

T S (Ny“N)(H'iD,H) Oun (NYVeR(HGDIE) Oyne (+h.c.)
= (lLowN)HB"™  Oyp (+h.c.) (Lo N)art HW™ .  Oynw (+h.c.)
S g @N)@N)  Owy ~

© a: (€rVuer)(NYEN)  Oen (UrYur)(NY*N)  Oun

g = (drYudr)(NY*N)  Oan (dryur)(Ny'er) Ogune (+h.c.)

)
LLRR  (Iz7.lL)(NY*N) O

@Y.9) (NYN)  Ogn

(l__LN)e(lLeR) OlNle (-I—h.C.)
(lLdR)e(q_LN) Olqu (-I—h.C.)

LRRL

(EN)E(@dR) Oqud (—l—hC)
(q_LuR)(NlL) OquNl (—I—hC)

22

Julien Alcaide et al, 19

Mitra, SM, Padhan, Sarkar, Spannowsky 22



Production of heavy neutrinos and their decay modes at Beam Dump Experiments will
vary depending on what kind of EFT operators we are considering

Va E; Y
i .7, 22% 0 P ~ P° Ve
Dipole portal: UGWNF 1% M @}& v
N N N
GRB221009A
Four-fermion:
OduNe+OQuNL—|—OLNQd Oune + OLnw
Y
o Y
MMO: Ngo,, NgB* Ny
Ny

Interaction point

=#

23



Systematic study of all possible heavy neutrino production mechanism

q g 0?,05,0% vy ¢ . 03, Ot npyw: Ofin
> >
O?,OS,OENH
W , I fagﬁ@ q , N/y,
qA —_ -
‘ g
v N

5 ()6 6
O3, O, OLNW/B

e T N
Z(h) N
W N N
/ N/V
> >
OgNWaOJGL[Ne Og)’ogNW/B’O%N D5 5. O b
> > > 1»Y2, YLNH> Y LNW
g N K g = > T
W W N/v
h
q q T
= = q W N
> q q
> =

24



Conclusions

Understanding the neutrino mass mechanism will provide important insights
into the BSM world

@ Could shed light on other standing puzzles, such as the matter-antimatter
asymmetry and dark matter

If neutrinos are Majorana particles, the mechanism that generates their mass
can generate LNV.

Ratio of same-sign to opposite-sign di-lepton signal could test the Majorana, vs.
Dirac nature

—&— AL = 2 processes at high energy collider: pp — £5¢ ; jj, e p— 5+ 3,
e"e” — £ ¢ +4jandeTy — £ +4j

LNV can be comparable with LNC even for pseudo-Dirac case due to heavy
neutrino oscillation

25
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Indirect effects can appear in low-energy observables. The EFT framework offers a
powerful tool to systematically capture these effects

Cooling of Supernova/red-giant,
Anisotropies in the CMB and BBN predictions
baryon asymmetry via leptogenesis

n>4 . . .
New heavy neutrino production mechanism

Heavy neutrinos as messengers of high energy Gamma-Ray Burst: GRB221009A

source

N rarely interact along the path of propagation N — vy
>

/KT — v, - u'N
T /KT — ptvE — uTyN

Dirac/Majorana/pseudo-Dirac nature of RHNs at beam dump experiments via the time
dependence of: N(ZT¢™)

Production/decay modes at Beam Dump Experiments M @2 '/Q a <

will vary depending on type of EFT operators
- Dipole portal: DGWNF HY



Our plan is to consider all possible effective operators involving heavy neutrinos N,

Indirect effects can appear in low-energy observables. The EFT framework offers a
powerful tool to systematically capture these effects

Operator Notation Operator Notation
(lLN) (HTH) OINH (—|—hC)
& (Ny*N)(H'iD,H) Onun (Nyter)(H'iD,H) Ony. (+h.c.)
n>4 (lLO'w,N)HB’W OnB (+h.C.) (ZLUN,,N)O'IHWI“V Onw (+h.C.)
o (N7, N)(Ny#N)  Onn

5 _— TSHYHT 5 NC T 2  (ErRwer)(NY"N) Oy @Ry, ur) (N N)  Oun
@W aW(LLH)(H LL)’ @NH UNH NRNR(H H 8 (drYudr)(NY*N)  Ouan (dryuur) (N ’Y“ er) Oaune (+h.c.)

N s w LLRR  (IL7ule)(NY*N)  Ow (@Vuar) (NY*N)  Ogn
@NB — aNBNR NRB é (l__LN)G(EGR) OlNle (+hC) (EN)G((]LdR) Oqud (—I—hC)
E‘ (lLdR)e(q_LN) Olqu (—i—hC) (q_LuR)(NlL) OquNl (+hC)
Mitra, SM, Padhan, Sarkar, Spannowsky 22 Julien Alcaide et al, 19

O Depending on the operators we will have different kind of cooling processes for supernova

and red-giant stars

Anisotropies in the CMB and BBN predictions are sensitive on the nature of heavy neutrinos

¢ and type of EFT operators

PA Classify the EFT operators which can generate the required baryon asymmetry via
leptogenesis

® Systematic study of all possible heavy neutrino production mechanism
28



Large LNV and Dark matter via MMO ? < g = XB i#OuNig B + h.c.

JotL \s=My, al2=1, A=10 TeV | 100"
= — . = 50
3 1000, 2 2 A
2—-1 [ \\@ %\\ E—c

i o
1t 100: % N
| [ [
R [ _:_N S
S 10 S
b <)
20 40 60 80 100 200 400 600 800 1000
M N, [GEV] M, N, [GeV]

Recall: o(ete™ - Nv) « |V Nl but due to MET not suitable to prove LNV or Majorana nature

a/t” j q/t”

+ /Pt _
q/ﬁ (I'/£+

Productions: ff = Z/y = N|N; and N; = Ny

Stability: F(V, - 1 (107 Gev 2( 0] )2 My, \
ye T =) 1028 sec A 10-¢ 1 MeV
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Heavy neutrinos as messengers of high energy Gamma-Ray Burst

GRBR221009A: Swift-BAT+GBM+LHAASO observed very high energy (£, ~ 18 TeV) long-
duration gamma rays from a gamma-ray burst named as GRB221009A at a red-shift of
z=0.151 (645 Mpc)

Posgible source: may have been caused by a massive star undergoing a supernova or
by the birth of a black hole. Lots of pions, kaons productions and ¥ — vy

Why unexpected: loose energy via pair creation, Compton scattering, and other
mechanisms.

Possible explanation: transitional magnetic dipole moment:

1
< = E,MUULUMVNRF”U-I—I’I.C. - N Ly

source

N rarely interact along the path of propagation N — vy

>

/KT = v, - u*N

7t /KT = p vk — pTyN
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Dirac/Majorana/pseudo-Dirac nature of RHNs at beam dump experiments

. 1 Oscillation is effective:
08 | | | 1 AM/T"y, > 1 for small My,
06 ] 1 Majorana: N(Z*¢™) (time independent)
~ | | :
04 sp—10¢ | '-.| 1 Pseudo-Dirac: N(Z7¢ ™) (time/position independent)
s)2=10"12 | "., : .
02f _ o ‘\‘ 1 Dirac: N(¢7¢7)=0 FASER, FASERR, SHiP
- 10 :
10" 10t 102 10°
MN[GeV]
Other projects:

Production of heavy neutrinos and their decay modes at Beam Dump Experiments will
vary depending on what kind of EFT operators we are considering

Vq £,
: . Uv 0 P~ v ) Va
Dipole portal: UGWNF 1% M @}if{ e
N N

The Connection between Dirac Neutrinos and Dark Matter Stability

2
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2
: V
Is it testable?? Seesaw mass: m,, X mDM_lmg = 7Y M_IYT
Casas-lbara parameterisation: | - _U;MNS, o5 R\ /R with RTR = 1 arXiv-hep-phi0103065

0 0 cosy siny
R = COSYy Siny fOr NO (ml = O) and R = _Siny COSy for IO (m3 = O) . - y = d + ib
—siny CcoSYy 0 0
WithR=1=>

High scale: If m, = 0.1eVand ¥, ~ O(1) => My~ 10*Gevand V ~ 1072
=> out of reach at colliders

Low scale: If m, = 0.1eVand Mp ~ 1 TeV => Y, ~ 107 %and V ~ 107’
=> still difficult to probe at colliders due to suppressed mixing
With R = arbitary =

Oiderparameter| o2 =Tr(viv)  y=atib

(my — m,)oM); cos(2a) N (my + m3)(My + My, )cosh(2b)

0> =F
P 2My My,
large b (m, + m3)(My, + My, )exp(2b)
2My My,

1 10 100 1000
MNi [GEV]



Ovpf with one neutrino massless

2 Ui

_ . 2i¢ 2i¢
= ‘cos 07, cos 613m1 + sin 67, cos (913mze 12 4 sin 913m3e 13

As m; = 0, only one Majorana phase

SM, Valle, Srivastava 2104.13401

¢ = ¢, — P13 = O0vpp has lower limit
e 109 | | |
lOl:- fr— _
; = 107!
(—y q) a
% _ — N d CUORE
= 104 A i SNO+Phase II | |EE GerdaI
Q ‘VE Q. I ————— s I 2 i DO LY
«Q - Q. 10_2 B LEGEND 1000 3 KamLAND-Zen
10 Vv
10_3 = E
W] PRI BT T BTN RIS SN AT BTy PRI BT ET T E . . . | . . . . | . ‘ . . | . E
10 10* 10 10" 10°  10° 10 10" 1 0.0 05 1.0 1.5 2.0
mlightcst [eV] ¢/7t
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LNV from heavy neutrino oscillation

Oscillations for on-shell heavy neutrinos: N is produced together with £
Vs ¢E N is produced together with £~

q erer)

oscillations

N (N)
N = (—iN, + Ny)/4/2

X7 : Iyt AMt N — (1
Nt =g, (ON+g (DN g.(f) = e Mte=5" COS( ; ) N = (iN; + N2
Hirsch et al, 1607.05641

N(1) — N : t AM
N@®) =g (ON+g,(ON 0. (1) = ie=Mutg=3" sin( - ! ) SM et al, 2305.00994
Y o, y NG R y # LNV AM? 2 AM
~ ~ — — — X =——
O|8—| [ and O|<‘>’+| ! #LNC ~ 2I%+AM2 2412 Ty

If AM < TI'y (Ly < L) , decays before they have time to oscillate: destructive interference

If AM > 1'y, (Ly > L,,.), they have time to oscillate many times before decay: oscillations are
averaged out

R — 1(pure Majorana), R — 0O (pure Dirac) and R — [0 : 1] (pseudo-Dirac)

34



B/ 10
-~ NO
10°
0.1 <Ry <09
o~ 1078
w |
10—10 L
10—12 :
| 10-M4 - v
O 1 2 3 4 5 6 7 8 0 50 MNl[ggeV] 150 200
x=(AM/Ty) o |
- LNV via virtual propagation: AM/M,,
1.0 “ ]
: ' ' i LNV via on-shell propagation: AM/I'y
| z |
0.6 | | | For any neutrino mass model: _
> " R = [0 : 1] depending on the nature of heavy neutrinos
*T1S|>=10"°
op [ BE=1E In usual seesaw models: o(LNC) o |V, |,
- ?OO Hence if R < |, o(LINV) will be even smaller
0N —
100 101 102 108
MN[GEV]

Goal: enhance o(LNC) such that

even for R < 1, 6(LNV) is large
e enough



How to obtain small vV, ? Break the global U(1); lepton symmetry softly in the potential:

V=—pug®®— >yl v + (@O + ) (x, 1)” + Aoy 11 @@ + Ay ] @Dy, — (/412(1) xn+H.c.)

5 -
K12V Soft term
This gives the following induced VEV: vV, X > —> small for small y;,
m
A

Physical scalars: h, H, A, H*
Without the term /412(1’ X1, My = 0 (doublet majoron)

$ Excluded from invisible Z decay width at LEP

Model parameters (2HDM) Model parameters (our case)

My, My, My= and a (h-H mixing), In the limitv, - 0, a = 0,/ ~ n/2
tan f = VCIJ/V;( Effectively one parameter: = my & m, X Ny

(HIAAWW, (HIA)ZZ, (HIA)¢?, (HIA)qq,
Suppressed: N A
AhZ, H>qq', H-W*h ~ O(v,/v)

Collider phenomenology is different

Case 1: myyz, my;y < My, Case 2: My, My= > My, from 2HDM

PR = )~ | U= CNED e v = e we =

BR(H/A = w) ~ 1 BR(H/A — vN) ~ 1
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Probing Majorana nature at lepton collider....

: : : : _ + - TW/F
Von| = 0.04 = 350 GeV —— 107! - : - - - —
Pl =00t IR T Vil =000 VR 30 G — € € NEyW
100 e
S 5
S . =
=0 Nl T b Nl T
S 0tE N I L N\,
T i FECT +4j (LNC) £54% + 4)
: : E6T + 41 (INC) £2£% + 47 (LNV)
+ ©
\b/ 10—2 %
100 1lso 2;)0 2150 360 3150 '400 100 1'50 2‘00 2‘50 360 3'56 200
My (GOV) My (GOV)
120 T T T T T T
V5 = 350 GeV
\/3 I e —
=
2 wofp
\\/\N\/\’\/”\{\/\' v—% """""""""""""""""""""""""""
= g
J— J— f— —_ . Py B
LNV:e7e™ - W W™ — 4 |
N |
= 60 |
Zhang et al, 1805.09520 T
—_ O
e W |
/W Shankha et al, 1503.05491 3
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e " y/yy option at eTe™ collider
Energy spectrum of the photon:
1 dNy

—1 ('{7))
)//6

LASER (w,)
bunch
1 4 4y2 ¢
< +1-y-— 4 + 4 )
Dx)\1 -y x(1=y) x*(1-y)?

interaction
point

y (e7)
8 1

4 8 1
by = (1_¥_§>|n(1+x)+5+§_ 2(1 + x)?

conversion
region

SM et al, 2304.06298

dE,0y o ) @, X
X = cos(—), y=—2=Xy,, = = L
m2 2 E, E, x+1 Photon energy distribution
w, IS the energy of the incident photon al _ E.=46 GeV
ap is the collision angle and its small — Eo=125 GeV
— E,=250 GeV
35 — E.=500 GeV
. . . z| 5
Cross section can be obtained being ?-l o
=92
averaged over the photon spectrum: —
1! 4
ymax
< OposnB(\/See) > = J dyF,(x, )’)Uye—mB(\/Sey)
“min 8 . . . .
.0 0.2 04 0.6 0.8 1.0
s, = 4E? -t : =(]MA+MB)2 s, = 4yE?
ce e»Ymax = 7> Ymin o e TR y



Lepton number violation at High energy colliders: M), ~ 100 GeV
q a LNV: pp = £1¢7Fjj  LNC:ipp - £7¢7jj

LNV

#INC

R,, # 0 =P Majorana neutrinos
/s

If N is pure Majorana type: R,, =

j e ~ J

LHeC, FCC-eh w W

What about the lepton colliders? jpireN eI RieRE¢{ez:TC a j J
e N

e N
| %4 At\/g — MZ: ]\'feventz 1012|V€N|2
Z /v Can probe seesaw line:
et v
e+

v | Von|? ~ my /My ~ 10712

Neutrino in final state unobservable SM, Jana, Das, Nandi, arXiv: 1811.04219

Forwards backward asymmetry relic of the Z parity violating couplings. Dirac keeps it,
Majorana washes it out

AII;B(N) - gl% - 81% AII;B(N) - 81% - 81% Aj\lj[B — 0 Blondel et al, 21
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Thick target

(Dump)

Shielding/
Absorber

Proton
( / 1 <,
u —--—-—V —V
VioW2
' 1
~| O L —
4 N
D v L S
\ V2oV
Ebeam N, beam L min L det/dec
LSND | 0.8GeVyp |~1.8x10¥ | 30m | 83m
E137 20GeVe | 1.87x10%° | 179m | 204 m
PS191 |19.2GeVp | 86 x10"¥® |128m | 12m
CHARM | 400GeVp | 24x10"® |480m | 35m
NOMAD | 450 GeVp | ~4.1x 109 | 835m | 7.5m

Decay Volume

4
(o]
&
T
Q
)
O
A
Experiment E, Npot Liyin
SHiP 400 GeV | 2x10*° | ~30-50m
NA62-dump | 400 GeV | 1017 —10® | ~ 80m
HIKE-dump | 400 GeV | ~ 10" ~ O(80) m
DUNE 120 GeV |  ~ 10?2 574 m
DarkQuest | 120 GeV | 10 —10?° | ~5—20m




