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Probing a class of scotogenic models via Z and Higgs boson decays
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Standard Model: an incomplete picture ouiveRsiTe ;PC/,

Auvergne

Dark matter ?
Anti matter ?

Despite its many successes, experimental evidence
of the incompleteness of the SM:
— Neutrino oscillations

— Dark Matter (DM)
— Baryon Asymmetry of the Universe (BAU)
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Also some theoretical issues...

A. Darricau, LPCA Clermont
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Also some theoretical iIssues such as:
— Fundamental scales gap

— Hierarchy problem

— Flavour puzzle

3A2
AME|TY, ., = SW;{J; (M3 + 2M3, + Mz — 4m? + ...]

If NP at Planck scale, 30 order cancellation
with bare mass!

— How to overcome these experimental caveats?
— Can we also improve these theoretical issues?
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Scotogenic models: motivation Elermons LPC
uvergne

Extension at the Tera eV Scale

A lot of mechanisms to explain Ye§ |
L mass generation! A “Dark generatlon”_ 0,1,‘ L mass:
Scotogenic

— Seesaw realisation,
radiative mechanisms...

Can both be related?

A plethora of models putting
forward DM candidates!

— WIMPs, FIMPs...

A. Darricau, LPCA Clermont 3
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Scotogenic models: motivation nvensie | PR

Auvergne

vev-less Higgs-like Sterile fermions

A simple radiative seesaw » mass generation ! .
Field | N;
— A glol?al /7, symmetry ’Fo stabilise .DI\/I Candidgtes SU(Z)L ). 1
— Neutrino mass generation mechanism constrained by the
global Z, symmetry, exclusion of tree level neutrino masses Ul)y |1 O
" & ZQ 1 1
Many interesting realisations of the
n’ N’ scotogenic paradigm
T1-1-A, T1-2-A...
1;2- ) N, g ,jj ID. Restrepo, 1308.3655]

E. Ma, 0601225, 2006
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Description of the T1-2-A setup vensire | PC2IG
Auvergne

— T1-2-A setup: adds 2 SU(2), doublets and 2 singlets Field |n S| F F VY, ¥
(1 fermionic, 1 scalar) charged under Z, SU(2), |2 1|1 1 2 2
— Extended: addition of fermion singlet and doublet Uly |1 O, 0 0 -1 1
Vscalar = % 28+ A45 S*+ M;? |n|2 + Ay 0]* + /\S 52\<I>\2 — /\S,7 Sz\n\Z

+ Xy [n]% % + A IndT|% + /\” [(<I>77 ) + H. c] —|—ozSﬂ [<I>77Jr —|—H

,—-——a’#—

Thhnearcouphng

Vector—Like I\/Ia orana _Dirac Which states after EWSB ?
V 1.
Viermion = MQ,B Vo V,B _“ "P wl w 5 Fzz F | F ylz F (I) ¢1 yZz F (I) ¢2 /f}

= p—

— _

g ', ,7‘#——

O‘ng S—I—g% L‘}jnF —I—gRe%nW H.c.

Yukawa-like cLFV couplings
A. Darricau, LPCA Clermont 5




Description of the T1-2-A setup rnensivi | PC2IG

Auvergne

— T1-2-A setup: adds 2 SU(2), doublets and 2 singlets Field | n S|/ F ¥ ¥
(1 fermionic, 1 scalar) charged under Z, SU(2)., |2 1|1 1 2 2
— Extended: addition of fermion singlet and doublet Uly |1 0[O0 0 -1 1
After EWSB:

— Scalars: 2 CP even (¢,/,),1 CP odd (A") neutral states and charged »* state
— Fermions: 4 Majorana states ( y;) and 1 charged vector-like ™

In short: — 3 potential DM candidate : ¢, y, and A"
— 4 Majorana states ( ;) needed for 3 massive neutrinos (and leptogenesis)
— No mixing between CP even and odd state in scalar sector
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Auvergne

What has been done ?

v/ mass mechanism, lepton decays and muon magnetic dipole moment (Aaﬂ ~ 40)
v/ Found 2 viable DM candidates (¢, y;)
v Extensive study of BAU via leptogenesis

1078

Viable DM candidates (¢, x;) 10-3
| 107°

107>

L MaSSes Ns
0 10-10 1 1077
A \ . 107°
i ".:':.:-:.!1 '.:. ’ - singlet . doublet VZ > ‘ ¢ < V] 10—11 | et .'.:.° At
0 600 800 1000 1200 1400 1600 XO 200 4000 6000 8000 10000
mpwm [GeV] k M, [GeV]

[A. Alvarez & al., 2301.08485] [A. Alvarez & al., 2301.08485] [A. Alvarez & al., 2301.08485]




The scotogenic T1-2-A setup: revisited awvensie | PCZIR
Auvergne
Our goals ?

A flavour physics approach — keep points with unviable DM candidate

Relax certain (driving) assumptions — generic Aa, - from SM-like to NP (at ~ 4.20); no BAU

Thorough exploration of flavoured and ElectroWeak Precision Observables (EWPO)!

— cLFV decays: leptonic (radiative, 3 body, conversion in Nuclei), Z/H — fafﬁ

— EWPO: sensitive probes of new interactions (scalar, vector, fermion...)
Oblique parameters (S,T,U), Z/H — inv, ZIH — ¢ C,

— Lepton Flavour Universality Violation (LFUV)

— |n short: revisit a well studied model from a flavour perspective with updated Aaﬂ
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v mass generation (at 1 loop) dunars P2
Auvergne
HY L mass generation
H H L

— A “seesaw” mechanism but at 1 loop !

— Flavour violating coupling & giving neutrino masses
Zfermion 2 —8, V2 L1 S—8r L nF,

2 Naturally suppressed by a loop prefactor !




LJS*

Viable Dark Matter candidate

Clermont
Auvergne
10733
10742
® o
10—49
¢ .
r— o0
NE 10—56 -
O 10-63-
| W——
—
bL,) 10—70-
10—77 -
e DM-related constraints DM-related constraints
10-8 Excluded by other bounds 1084 A e « Excluded by other bounds
e Valid points o ° e Valid points
250 500 750 1000 1250 1500 1750 2000 500 1000 1500 2000 2500 3000

Mpm [GeV] Mpm [GeV]

— MicrOmegas to generate relic density and direct detection observables
— CP even ¢,, Majorana fermion y, and new viable candidate CP odd A"!

— Most points excluded by DM-related constraints...
A. Darricau, LPCA Clermont 10



Muon dipole moment Clermont PPC/-
Auvergne s deux infinis

Lattice QCD results appeases tension with experiments

I I I I I I T I I
BNL 2006 |

FNAL 2023 |—2

Experimental avg. F—&

P ———— S . ————————————————— —

< 4.00
' ]
White paper

<

o—H
BaBar - o
KLOE - A -
Tau
| | 1 | | | 1 | |
175 180 185 190 195 200 205 210 215

a, x 10'° — 11659000

— If large Aa,, (4.20) — boosts dipole operator
[A. Boccaletti & al. 2407.10913]

— If small Aa, (SM-like) — constraints on NP

What is the impact of a more suppressed Aaﬂ?



cLFV lepton processes

e DM-related constraints
» Excluded by other bounds
e Valid points

—'————.—————-

Aaﬂ ~ 4o —> Aaﬂ ~ lo

A. Darricau, LPCA Clermont

— Box diagrams? Z-Penguins? Anapole?

— Spreading from purely dipole dominated

UNIVERSITE
Clermont

Auvergne

p — ey,p — 3e; effect of NP vs SM-like Aa,

o 9 IN2P3

Les deux infinis

e DM-related constraints
» Excluded by other bounds
e Valid points

12
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cLFV lepton processes ouivEnsi v
Auvergne Les detx infiis

Neutrino less Mu-e conversion in the Nuclel

10-12 . - 10712 '
1 e DM-related constraints — / e DM-related constraints — "
_ 2o | * Excluded by other bounds O: . _ » Excluded by other bounds
1071 i e Valid points LLJ, 10713 e Valid points vy "rod
] | Py “ ¥ “
— - R
— 107144
< §
v 107 Aa,~ 40— Aa, ~ 1o © 107
;_ 10716 LY
N P . &
> 17] . e . e 'O >
O 10 RS -
_18 ] - 3 .' ;“ LA a : ‘ ) -
10 : o = . . - 3o - m’ v",'.
" I e Tl L
10_19 &ﬁ‘“ 0 o bo "‘ \ u! - el 4 10—19 ‘*{ﬁ—'\mg
10716 10-15 1074 10713 10712 106 1071>

BR(u - ey)
— No interaction between NP particles and quarks at tree level

No box diagrams here, only anapole and Z-Penguin!

from only destructive interferences to also Z-Penguin dominated 5 S

A. Darricau, LPCA Clermont 13




CLFV lepton processes et LPC275
Auvergne

Leptonic tau decays
10~ 2 . -/ D;/I reI;ted/cons;raln;s /// i
» Excluded by other bounds ¢
e \Valid points

- ///4//_ o

T 10~ 8 -

i /7 7 i 4 7 4

10~ 2 | e DM-related constraints /
» Excluded by other bounds "
e Valid points

o 7

Aa, ~ 40— Aa NIUT 108 -

~, H H .:5’

= 10101FCCee -’ >/ ﬁ = 10101 FCC-ee &3
RNy g - =

10714 h .i% g? 10-14- .

o o | D .
10-16 o« *° | P ,m/ 10-16 et
10714 10712 10710 108 10714
BR(T—-uy)
Q"‘ Qﬁ’ — Sizeable Z-penguin contributions !

2 1, Z,(H) — Even when boxes dominate, still non-negligible effect

S S5 — Even more points testable in the futurel!

A. Darricau, LPCA Clermont 14
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Z cLFV decays ot LPC2
Auvergne

: -/ Dh/4 reI;ted constramts /ATJAS// ///
10—6 4 o Excluded by other bounds i
\|'— Representative of the other Z cLFV decays

Valid points

N L — Driven by the NP coupling to right-handed leptons g

T 1012
L\l Vtermion = Maﬁ Ve VB — M¢ ¢1 1/)2 + ; MFzzF F; — yi};ﬁ'@ 7:51 — y’z"iE@%ch
oC 10-15 e
- + 9592 L3S + g3, LE nF; +g5
10—18 {s ¥
10—21

Beyond future sensitivity (r — 3u)

Not as important as expected...

A. Darricau, LPCA Clermont 16
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nggs cLFV decays Clermont Q'/m‘
Auvergne
_5 |, DMrelated constraints , / — Representative of the other H cLFV
10 1 5X|C'I:deq :)y other bounds NS Y.
: By el - — Driven by the NP trilinear coupling o
_ 1077 when large
3
~ 1078- 1 1 1 1
Vscatar = 5 ME 5% + 525 8%+ M [n|? + Aan Inl* + SAs S*|@|* + S sy S[nl?
T 10-11 A [nf?|@f2 4+ X, n@f 12 + 27 | (@nh)” + Hee.| %
ad
00 1014
Again, beyond future sensitivity...
10—17-
10—20

L L L L LJ L) LI L ) L LJ LJ ) LJ L LJ L L) ) L L L

Maybe EWPO ? LFUV ?

A. Darricau, LPCA Clermont 17



— EWPO: sensitive probes of new interactions (scalar, vector, fermion...)

Oblique parameters (S,T,U), Z/H — inv, Z/H — ¢, and their sensitive ratios

Why important? — Towards high precision tests of the SM (FCC-ee...)

— /Z/H — inv

— Obligue parameters
— Z/H - ¢, + LFUV
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Auvel'gl"le Les deux infinis
— Strong constraint to NP and strongly
0.2020 - . . disfavours light invisible states M, < M /2
PDG 30 | . T ot e el T — Small tension with the SM, points reaching
0.2015- toward the experimental measurements ?
= Sensible by future experiments ?
=
0.2010 1
T
N
ad
0 0.2005
Again, beyond future sensitivity...
0.2000
e DM-related constraints
» Excluded by other bounds
e Valid points
0.1995 ) S - 1 0 -1 L~ _
10 10 10 10 10 errmion =M3ﬂﬁl/ﬂ _M't/J "pl ¢2 + _MFz‘i cmFz —yf,, Fz (I)T "Pl _y’zkz Fz'(I)TPzC

2 o 2
19,1 s W e
«;_; ¢2 ‘Agz ng LL 'r]Fz + gReR n "pl + H.c.




invisible Higgs decays T A
Auvergne

_5 -* e DM-related constraints i
10 | \E/:;z’zi?nz otherbounds — FCC-ee — Strong constraint to NP and
10-5- . strongly disfavours light invisible
§ - . states M, , < M,/
5 — A lower floor driven by m,
T 10-11- >
T
~ —14 _
~ 10 o
B o-17- ' Again, beyond future sensitivity...
1020 -
10_23 ' — ' — ' ' | errmion :MaﬂV_CV,B_M’l/JE%'l'lMF"FiCFi_yI'Fiq)T%_y;'E@¢2C
1011 109 1077 105 103 1071 Vo Py " " Z

o — '/” N

|GE|?

A. Darricau, LPCA Clermont 21
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102 - . , | 102 - L e \ L
| 107° %\ 104 ?
o y 1074 - {
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107° - % i : 1076 - | ﬁ
ol o] Issues for U! ;

1071 \1} 10-12 } 1078 - 1, }
‘,» ‘? | 10—6 /»

10-10 4 . . " . 1,\. 10-144 ) 10710 - *\\ ‘

10'_7 10I_5 1(:;_3 101 \‘5&\_ - 1d—8 1()'—6 10|—4 10'—2 \Iki -—

S| S|
Full analytical computation SPheno output
[W. Porod & al., 1104.1573]

— A reminder on the importance of analytical derivation

— Still not within reach...
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— Representative of the other Z conserving

0.0337 decays
__0.0336 — Large trilinear coupling « yields sizeable
3 contributions!
< 0.0335 _
T — Points excluded by other bounds... Actually
u 0.0334 from H — fafa!
ad
m

0.0333- ¢ 4

e DM-related constraints .
| ¢ Excluded by other bounds
0.0332 e Valid points s
100 102 108 10
|a| [GeV] Vacatar = 5 M3 5>+ 2 has §* 4 M2 |nf? + Aag [nl* + 5 As S?18[2 + 7 Asy 5%l

]. 2 "}/, o e e —
+ Ay n|? |®|* + /\:7 |17(I)T|2 + 5/\;; [(CI)’OT) 4 H.c.] -




H flavour conserving decays

0.0016 - o oe® . e DM-related constraints
; « Excluded by other bounds

L .o. © X ‘ @ ° .0 lid )
® ' Va oints
0.0014{  * . A BRI S, o Validp
. St Al - £ 2
o : ) 4 o

0.0012-
3 _
3 0.0010

e Aa, ~ 46— Aa, ~ 1o

ﬁ

o5 0.0006 -

0.0004 -

0.0002

0.0000 ————

M} [GeV]

0.0016 -
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0.0008 -
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0.0000 ——

— Representative of the other H conserving decays

— Light masses for CP-Even state ¢, disfavoured!
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Les deux infinis

Auvergne
oo oo 0P *.e e DM-related constraints
2 2.% o, .:' » Excluded by other bounds

° L . .
¢ Ape® PRI e Valid points
Cote . ?
a a

— Important corrections! Strong constraints on the parameter space!

— SM-Like Aaﬂ relaxes constraints

A. Darricau, LPCA Clermont
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e DM-related constraints
» Excluded by other bounds
e Valid points

1.005 1.010

PZIH — I'(ZIH— ¢ )
< B F(Z/H—> fﬁbﬂﬁ)

— Representative of the other ratios
— SM Predicts LFUC (other than mass effects)
— / LFUV corrections fully under control!

— H LFUV corrections favours small

trilinear coupling o

1 1 1 1

+ Ay [1]2|®]2 + N, [n®T]2 + X, [(q,nt) n H.c.] ~~




— Thorough analysis on the flavour phenomenology

— Found a new viable DM candidate: A"

— Put forward the consequences of relaxing Aa,

— Parameter space favoured by leptogenesis disfavoured by EWPO
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Casas-lbara

— Links M,f‘ﬂ to its experimental values through M, , & and R a complex orthogonal matrix

— Use extra degrees of freedom of R to set Aa, and keep £, — 5y under control

— This generates a fine tuned & matrix and gy vector as a byproduct
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