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Beyond the Standard Model

Standard Model of Elementary Particles
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Heavy Neutral Leptons (HNL)

@ Minimal solution — right-handed neutrinos *u "c [t
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241 HNLs to solve them all
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241 HNLs to solve them all

@ Two HNLs N,, N3 to produce two active neutrino masses via the seesaw
mechanism. The mixing angles are at least
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241 HNLs to solve them all

@ Two HNLs N,, N3 to produce two active neutrino masses via the seesaw
mechanism. The mixing angles are at least
U2 2 Uy ~ —

seesaw

my

@ The same two HNLs generate baryon asymmetry via leptogenesis.
Bonus: HNLs can be as light as GeV if mass degenerate
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241 HNLs to solve them all

@ Two HNLs N,, N3 to produce two active neutrino masses via the seesaw
mechanism. The mixing angles are at least

ml/

2 2
u Z Useesaw ~

my

@ The same two HNLs generate baryon asymmetry via leptogenesis.
Bonus: HNLs can be as light as GeV if mass degenerate

@ One HNL Nj - keV dark matter.
Negligible contribution to neutrino masses from stability considerations
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Experimental constrain

Electron coupling dominance: U% UZ: UZ = 1:0:0
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Experimental constraints

Electron coupling dominance: U% UZ: UZ = 1:0:0
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@ Future experiments have the potential to observe millions of events
— precision physics
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Experimental constraints

Electron coupling dominance: U% UZ: UZ = 1:0:0
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@ Future experiments have the potential to observe millions of events

o (If we can have U? > UZ__.,)
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Quasi-Dirac limit

@ Approximate lepton symmetry: cancellation of seesaw contributions

@ The mixing angles for two degenerate HNLs converge to the same value

2 A
Amy < my, U2y = U2, |14 0 Yeeesow BMNY | _
U2 my

@ Casas-lbarra parametrization:

0 = ’-UPMNS(miiag)1/2R(mcliliag)—1/2

0 0 0 0
RNH ~ 1 +i 5 R|H ~ 1 +i
Fi 1 Fi 1

— restricts flavor structure

as a function of a single Majorana phase 7
in the PMNS matrix

v vAu?
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If a signal has been observed, what can we tell about the underlying
physics of what has been found?
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If a signal has been observed, what can we tell about the underlying
physics of what has been found?

Have we solved any problem, or just added more? J
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|
The SHiP experiment

Access shaft (4x8m?)
(existing)

Scattering and

Neutrino Detector (SND)
Decay volume

Service building
(existing)
Access shaft (8x8m?)

Spectrometer
Particle ID

Requirement Value Backg'mund source Expected e?/enls
Track momentam. STo6ee Neutrino DIS o < 0.1 (fully)/ < 0.3 (pamallz'z
Track pair distance of closest approach <lem Muon DIS (factorisation) <6x10
Track pair vertex position in decay volume > 5 cm from inner wall Muon combinatorial 1.2x 1072
Impact parameter w.r.t. target (fully reconstructed) <10cm

Impact w.r.t. target (partially reconstructed) <250cm

[2112.01487]
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https://arxiv.org/abs/2112.01487
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Probe two-HNL seesaw

Measure flavor couplings
u2/u?
— i
Test two HNLs
hypothesis

Oleksii Mikulenko Quasi-Dirac HNLs in the LRSM BLV 2024 10/29



Consistent with red model

[ Real signal
efficiency background
)

Ai =Ney- € - Br; + b; g

count in channel i th. branching @
Sensitivity definition :
Channel
For a real model B, Nev — number of events, Inconsistent with red model
[ Real signal

needed to exclude at CL all models A with
probability P

Events

[2312.05163]
[2312.00659]

2
Channel
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U? U2
NH@SHIP-ECN3  (my=15 GeV) IH@SHIP-ECN3  (my=1.5 Gev) UZ
o 1 o 'seesaw
3x10° events 3000 events 1 04.5 1 0_6.0
1 04.0 1 0—6.5
1 03.5 1 0—7.0
1 03.0 1 0—7.5
1 02.5 1 0-8.0
1 02.0 1 0—8.5
1 01 5 1 0—9.0
1 01 .0 1 0—9.5

vAu? vZu?
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Measuring PMNS Majorana phase

my = 1.5 GeV
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With such a tool, what can we say about nonminimal interactions
of HNLs?
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https://arxiv.org/abs/1803.03262
https://arxiv.org/abs/1911.12394
https://arxiv.org/abs/2212.11290

With such a tool, what can we say about nonminimal interactions

of HNLs?
For example:
e Dipole portal [1803.03262]
o Axion-HNL coupling [1911.12394] [2212.11290]

°...7

14 /29
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|
Add right-handed interactions: Left-Right Symmetric Model

SUc(3) X SUL(2) X SUR(2) X UB,L(l) —
— SUc(3) x SUL(2) x Uy (1)
— SU(_‘(3) X UEM(]-)

o Effective (below EW) left

FTNE x [p5l5 + VEKM g, o,
L5 90/ J2 e x [Ppls + Vi i d;d] M) i

al \fVaN/ JZ

+ 6~
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|
Add right-handed interactions: Left-Right Symmetric Model

SUc(3) X SUL(2) X SUR(2) X UB,L(l) —
— SUc(3) x SUL(2) x Uy (1)
— SU(_‘(3) X UEM(]-)

o Effective (below EW) left

L> 0 WNF % [7sls + VEMa; 1 dj ]

al\f/

+9 VaN, JZ

al\f

@ ...and right-handed interactions

+65 \N/J’ial\_/J/:3 + \/,f’CKMUi,Rdi,R}

al \//(YNI

Oleksii Mikulenko Quasi-Dirac HNLs in the LRSM BLV 2024 15 /29



Two sets of couplings [0| < 1

miy
2
Wg

(LH):  Oa, (RH): 6 ~
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Two sets of couplings [0| < 1

2

m
(LH): 6, (RH) 65~ T
Wg

to be constrained by the seesaw relation:

Vi

m,=— "Mt + —M
VR

type-| seesaw N——"

type-1l seesaw
— complicated 3 x 3 matrix equation.

has closed analytic solution for 6, if Or, mu fixed [2403.07756]
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L D Z(x([ye](yﬁ’(b - [Yu](y;3(72¢*02)R’3+
+ L(Y[Yl]quUQA/_LB + R [YQ]UBIG'gARRg +h.c.

X e —ia 0 0
¢ — vdiag(cosb, —sinbe ") Ay g — (vL,R 0

Generalized parity: Y. =Y., Y/ =VY,, Yi=Y;

After spontaneous symmetry breaking and diagonalization of /, N masses:
* di
UPMNSmulagUIiMNS -
— (vWRY — m?iagbei‘; VR)[m?Viag]_l(vYTVT Vi md'agbe’a)
+ *VR dlag VT

with Y = VIV, Vg, YT =Y, VI = Vg
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* diag
Upmns My,

UII‘I\/INS =
— (VWRY — m8be V) [m2E] 1 (vY T VT —

di
Vg m§ Iagbe"”’)

a2 VE’ diag VT
VR

N

al —

Wg

al

6~

ol —

— | VWRY — be?m 8 v

al
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U;MNSmgiagUFl’MNS =
— (VWRY — m8pe Vi) [m3PE] L (vY TV — VI m*8be)

Vi di
+ = VimyEvE
VR

2 .
m ] . a
W, d
65/ - m ‘ [VR]ul-, 0L, = mi vWRY — be’am, e Vg

2 al —
Wg N; al

o Assume 2 quasi-Dirac pair N>, Ns (|0, 5/3/? > UZ..,,) and a decoupled DM
candidate (|0, 1> < UZ..)

0 0 O
diag 0 ) Y
1

m/\/ = my —i ) y>>1

Il

<
o oo
- = O

0 1
0 0

@ and perturb this exact lepton symmetry
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Type-1 only: analytic solution

Neutrino masses: 0, m», m3

= iUpuns O
L L e’ ¥ ) AR L2
Vao = —iVaz = ———=UpunsP x | Fe "Vm2 |, =5 =IVal
Vma + m3 N 2 106
with
1
0=
2(mz 4 ms)
2(m2 + m3) 0 0

X 0 —i(y/mze P £ /myef)  /mze P ¥ /mye'f
0 —(ymze? F \/mpe ) i(y/mze® £ /mpe=iP)

— two free parameters: Majorana phase 7 and angle [
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M2y =23
Wiz |2, I=2,3
(VR 124 V352 /72
Virl?

[2406.13850]

VL remain the same as in the minimal case — only depend on 7
V5, VE depend on both 7, 3
VR |2 4+ |VL |? are fixed

R |2
1251
HNL mass splitting [mpy, — mp, | is arbitrary

(e

= = = =Tt
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Corrections
Type-Il corrections CP corrections
_ vimy o ﬁyvrm—
" vr(m2 4+ m3) b_bm2+m3

02 o,
|

)
Vebal?

0z o4 0s
0408 0. 04 _~0g VB4
IVe2s| V2l ®

lightest neutrino mass becomes nonzero
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Interesting signatures?
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(De)coherence

@ Decoherent pair:

number of ev. (X — I,N — lolg) o< [Vaa|*| Vi3] + | Vas|?| Vaz|?

o Coherent pair:

number of ev. (X — I,N — /a//ji) x |V V%) + Vs V/gz)|2

2

Summing up over one lepton flavor (o) — everything reduces to o |Vs2|? + [ Vi3
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Probing decoherence at SHiP

@ The initial lepton is lost in the target — no information?
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Probing decoherence at SHiP
@ The initial lepton is lost in the target — no information?
@ Not if kinematic constraints help us
@ For example, D — I,N — I, /3 cannot have 7-leptons for a GeV HNL
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Probing decoherence at SHiP
@ The initial lepton is lost in the target — no information?
@ Not if kinematic constraints help us
@ For example, D — I,N — I, /3 cannot have 7-leptons for a GeV HNL

NH

125125 15 2225 2252 .

Coherent (blue) vs decoherent (red) case predictions
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Probing decoherence with Keung-Senjanovi¢ process

@ Full reconstruction of event matrix

I~ IF

X%/;N%aﬂ

@ In the coherent case, LNV can

Wr (Wh)

Wi

N

’
dominate LNC decays
il
NH IH

5 2 30 1 ' 130

% § = \>—'S\/ T XN N

= 3 10— — e~ X AN KX “310 ——ee

83 ISTTN PR OREAAY /”%{\f%ri\ //y\x—\ S—

5§ ¥t/ S NG XIS )P o

23 .l/\ N S A X AN AN, e

a1 o / \—\/\\ /7~ i"! NVARY W \\ /Y et

59 NN s ] \ARRE Y e

£ 203 NS N/ 1 Ly 1103 ——#T

es | oM

B 2 =1 O 1 2 B =2 =1 O 1 2
in
v
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DM at SHiP

decay volume \nv‘(,v t;r Nq)
e a
— s

target

) spectereter ‘\

.
/

No N> 3 — N; decay in the minimal LH case

Only LH Only RH Only RH + DM Ny
50- For all couplings I
Vel IVl Ve = 10100

240
s
£30-
2
£
2 20-
&
@

10-

. |:|| | I:IDI:I

ee ey upg NC eCC pucCC ee el hU  NC eCC puCC ee ed Hg  NC eCC ucCC
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-
DM at SHiP

@ Benchmark model:
[VEP D |VE? [ VF? =0.11:0.22: 0.67
IVEP :[VEP:[VE[? =0.16 : 0.46 : 0.38
IVEP :[VEP:[VE[*>=0.16 : 0.46 : 0.38
VAP [VEP:[VE[? =0.49:0.22:0.30

Fraction of RH interactions: )
R = i
Ut + U3

For a given R < 1, we want to distinguish
© no light N, versus LH-only HNL with arbitrary V"
@ with light Ny versus LH-only HNL with arbitrary V',

@ with light Ny versus HNL with both LH, RH-interactions, arbitrary couplings
VL VR R, but no N.

- = = ==y’
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105 = Data L
Benchmark w/o Ny vs LH g =0 Bestfit with LH+RH
— 1 =
n
—— Benchmark with N, vs LH £ L
0 4] —— Benchmark with N; vs LH+RH 5 10° — ]
£ 10 :
S ¢
5 ;
o g
T 104 8 | | |:|
c 10°
(] 1 Data L
(%] o 0 Best-fit with LH
o) @ ——
O 10% z BE
S
£10° — L]
3
101 . | ; | :
0.2 0.4 0.6 0.8 1.0 %
rR= Y °
- U2+ UE 102

ee ey pgu  NC eCC uCC
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Summary

@ Precision physics at Intensity Frontier is possible J

@ We need to know what results to expect and how to interpret them

Oleksii Mikulenko Quasi-Dirac HNLs in the LRSM BLV 2024 29 /29



Oleksii Mikulenko

Back-up

Quasi-Dirac HNLs in the LRSM

BLV 2024

1/2



FCC-ee

My, TeV
_; 50 20 10 5
1078 10
= 10 my=40 GeV
L4 g
9 g
10 ks
g N 202
3107 =
@ 2310.17406 §’<
= E
8 107"
) 25 Tev 30 Tev 50
T My=30 G\
10712 - R .
5 10 50 100 10712
1072 107" 107 10 107® 107 10
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