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1. Introduction

The Standard Model (SM)
is an incomplete theory and therefore must be extended

o Experimental observation of neutrino
flavor oscillations

o Nature of the dark matter of the
universe

¥

Many models have been proposed but one appealing possibility are radiative models

One of the most popular radiative models proposed to generate
neutrino masses is the Scotogenic model.

Ma hep-ph/0601225
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1. Introduction: The Scotogenic model

Scotogenic model = SM + 3 singlet fermions + 1 scalar doublet + a dark Z, parity

gen SU(Q)L U(l)y Zio, f{“ /HU
N 3 1 0 — N .’
n 1 2 1/2 — el
n . N
- It induces neutrino masses at the 1-loop level ,’/ \\

- It obtains a weakly-interacting DM candidate ' \

Yukawa and Majorana mass terms

Mp, — _
[,N - — QNZ Nz-ch' -+ ymnNiEa + h.c.

Scalar potential

M A
V =myH H +m2ytn+ 5 (HUH)" + 2 (nn)” + s (H'H) (n'n)

o (H) () + 22 () + (o )|
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1. Introduction: Scalar sector

Scalar sector

V= m U 4 mitn+ G () + 2 (nf)” +  (11117) (o)
+ M\ (H™p) (nTH) + % {(H“?f + (ﬂTHﬂ
© Vacuum configuration: < H 0> 0 : <770> =0

V2

ﬁ The electroweak symmetry gets broken in the standard way.

ﬁ> The Z, symmetry remains unbroken and the stability of the lightest
Z,-charged particle is guaranteed.

o If all the scalar potential parameters are real, CP is conserved in the
scalar sector.

ﬁ\ The real and imaginary components of 0 __ L (ng +in;)
: the neutral scalar doublet do not mix n = \/5 "R U
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1. Introduction: Scotogenic states’ masses

Scalar masses

02
2 2
M+ =My + A3 —

2
2 2 v?
1 mR:mn+()\3+)\4—|—)\5)?
0o .
U —E(UR‘FZUI) |:> 2
m%:m%—|—()\3—|—)\4—)\5)?
HU HU
Neutrino masses T . //
The neutrino masses are forbidden at tree- _Swi.
level thanks to the Zg symmetry e L.
/, \\
A 2 ’I \\
5V T ar—1
my = 9 2y MN floopy : ‘I
32m S = O = o
vy N N VL
2 i 2 4 2
(m ) L >\5/UH ynaynﬁ MNn _I_ MNn log MNn
v)aB — 5 2 /2 2 2
32me —~ M, K& My (mg _ M]2Vn) mg |
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1. Introduction: Open questions

There is no explanation for the smallness of the A5 parameter,
although it’s natural in the sense of ‘t Hooft.
‘t Hooft 1980

|:> The Zo symmetry present in the model is ad-hoc.

This work:

We consider an ultraviolet completion of the Scotogenic model that
provides a natural explanation for the smallness of the As
parameter.

Here the Zo parity emerges at low energies from the breaking of a

global U(1) symmetry.
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2. The UV completion: particle content

Lepton and scalar particle content of the model and their representations under the
gauge and global symmetries:

Field | Generations || SU(3). SU(2), U(1)y | U(1)L
% O 3 1 2 12 | 1
3 er 1 1 -1 1
o9
2T < N 3 1 1 0 1
= &
= H 1 1 2 1/2 0
é |7 1 1 2 1/2 | -1
A 1 1 3 1 —1
NEW =
| S 1 1 1 0 1

AT \/§ AT+
A = ( A/O LA+ NG ) E> Scalar triplet

S [C) Scalar singlet
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2. The UV completion: the Lagrangian

Lagrangian

Scalar potential

Vov = myHVH +m%S*S + m2n'n + mA Tr (ATA)

30.11.22

1 1 1
+ 5)\1 (HTH)2 + §As (S*9)° + §A2 (n*n)2

- %AM Tr (ATA)” + %AM (Tr ATA)" + 25 (HTH) (575)
25 (HUH) (') + 23" (H'H) Tr (ATA) + 235 (n1n) (5°9)
+ A1 (nfn) Tr (ATA) + A52 (5*S) Tr (ATA)

+ A (') (0T H) + 23 (HTATAH) + X% (AT An)

+ [)\HSAS (HTAiOgH*) + i (nTAiagn*) + h.c. ]
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2. The UV completion: the strategy

Lsvy /LR s Lyv
» Energy
mMew ma

E> We assume that the mass of the triplet scalar is much larger than any
other mass scale in the model

E> Then, we integrate out the triplet A and we keep operators up to
dimension 6

1
LIR — LScotogenic + extra + O <_3>

LN
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2. The UV completion: the low-energy Lagrangian

Lagrangian

,CIR:,CSM—I—yNniO'QfL—I—/iS*WN—I— h.c. — Vg

Scalar potential

A
+ 75 (5*S)?

Mo asal (55)

2

Vir = mLHH + m%5*S + m277 n+ (HTH) > -
A

+(n'n)” (A; W) + X5 (HVH) (S78) + X (H'H) (n'n) + 3” (n'n) (78)

ma
AISA g (grig)? 4 h.c.]+0< : )

mA mA

+ A (HW) (nTH)
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2. The UV completion: the low-energy Lagrangian

Lagrangian

,CIR:,CSM—I—yNniO'QfL—I—/iS*WN—I— h.c. — Vg

Scalar potential

)\S

Mo asal’ 59) +
2

2

VIR—mHHTH—l—mSS*S—I—m n—l—(HTH) -
A

(5*5)°

+ (1’ n)2 (AQ i ’2) + A5 (HVH) (S*S) + A3 (HTH) (n™n) +23° (n'n) (S*9)

2 mA
AISA g (prigy? 4 h.c.]+0< : >

+ A4 (HTn) (nTH)

m% ma
0_ 1

Neutral fields: | ﬁ U(l)L UHS Zio
S = 7 (vs +p+iJ)
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2. The UV completion: the low-energy Lagrangian

Lagrangian

,CIR:,CSM—I—yNniOQfL—I—/{S*WN—I— h.c. — Vg

Scalar potential

A
+ 75 (5*S)?

Mo asal (55)

2

2
Vir = mLHH + m%5*S + m%nTn — (HTH) > 3,

#(rhn) (A; ) %‘A)_i?ﬁiﬁﬁm ) (878)+ s (H'H) ('n) + 257 (n'n) (575)

-y,
-~
~
~

R LN - ma
Y’ : (ve + ¢ +14) \ A\
= — H v
9 A5 AHSAR Us <1
S:i(vngerzJ) 2 2m2A
V2
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2. The UV completion: Z, -even scalars

CP-even
o 1 1 |
H E(UH+¢—|—ZA) S:ﬁ(vg+p—|—2(])
Mass matrix
w2 (N — v?gI/\H25A|2 vrvg (NS — U12L[|>\H23A|2
Mp = \S — vh [ Aasal’ 02\
VHUS | A3 m2 gAS
Diagonalization Mixing angle
2 (M%) )\S UH
VEMEVE = diag (m2. , m? tan(2a) = 12 ~2—
RARTE ( " h2) ( ) (M%%>11 - (MQR)Q As Vs
vy < Vg

:> The lightest of the resulting two mass eigenstates is to be identified with the
Higgs-like state h with mj, ~ 125 GeV
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2. The UV completion: Z, -even scalars

CP-odd
0 1 ) 1 |
. :7§(UH+¢+ZA) S:ﬁ(vs+p+u)
Mass matrix
2 2 2 2 9
o[ mi S+ A - sl )
M[ — A 5 02 02 g v |>\HSA‘2
) mg+ 5 As + 53 - H4mi

C> A is the would-be Goldstone boson that becomes the
longitudinal component of the Z boson.

C> J is the majoron, a massless Goldstone boson associated to the
spontaneous breaking of lepton number.

The low-energy theory is the Scotogenic
model with additional scalar fields
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2. The UV completion: Z5 -odd states

Scalars

1
O .
= + i

n 7 (nr +inr)

2 2
2 9 nS v 2\ v v
my. =M, + A3 75—1—()\3+)\4— HSAQLS) H

"R \/5771A 2

2 2

2 _ 2 nS vg 2 HSAMVS \ VH
My, = My + A3 2+()\3—|—)\4+ Vam2 5

2
Vs

2
2 2 v 1S
myy =My + Az5h + A3 3

2
X o Apsapvsvy o
Myp = My = — \/5 2 9 = A5V
LN
Fermions
My —
Majorana mass term: —NNCN :> MN — \/5/{1)5
2
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2. The UV completion: neutrino masses

1 K | | I |
—i - O - e — « O 3 & -
VL Y N ; N y VL VL g N Il N Y VL
S S
2 i 2 4 2
(m ) L )\5UH ynaynﬁ MNn _I_ MNn log MNn
viapg 2 2 _ A2 5 5 \2 2
32me —~ Mp, Mg My (mo _ MNn) mg
m3 = m% A5 0E/24 (A3 4+ Ay) vF /2
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3. Dark matter

 The lightest Zio charged state is stable and can be a good DM candidate.

il e THEY ALL ASK “WHAT 15 DARK IWATTER?”
Two possibilities: AND “WHERE S DARK MATTER?” BUT

=] (_NOBODY ASKS “HOW 1S DARK N\MTEQ?L

© Fermion dark matter: singlet N

© Scalar dark matter: doublet 7)q

~ The new scalars can alter the DM phenomenology substantially. In the case
of fermion DM, the annihilation channels

N{Ny — SM SM : N{Ny — JJ

may reduce the tuning normally required in the original Scotogenic model

with fermion DM.
Vicente, Yaguna 1412.2545

In the following, we will concentrate on the fermion DM
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https://inspirehep.net/literature/2165726

3. Dark matter: Constraints

~ Several experimental and theoretical constraints have to be considered in the
numerical analysis

Boundedness from below

3\/17 XZ) )‘S Z 0
Az > —24/ M\
3 = 142 ~ v Amsal’
— A=A — 2
A5 > =24/ Mg -
X —\ 2|M|
g iy 2 —AN\2 — m2
AT7 > =21/ Aa)s A
)\3—|—)\4— ’)\5| > =21/ A1A2
Neutrino masses
y = \/K_lR\/’ﬁ\’L_VUT Casas, Ibarra hep-ph/0103065
2 4 2
" 32m M TME (22 ) S
T MN, | T N (mf— ME,) o

T oA L .
U mVU =My = dlag (ml’ ma; m3) de Salas et al 2006.11237
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3. Dark matter: Constraints

Higgs production and invisible decay

1

Interaction Lagrangian of the CP-even scalar h to a pair of majorons: L, ;; = 59nJJ h J?
2
. Vi |AHSA
ghJJ = UsAgsina + )\5?— 7 5 | Vg COS (¢
ma
Experimental constraint _
> A§ 51077

BR(h — JJ) < 0.11 at 95% C.L.
ATLAS Collaboration 1904.05105

The Higgs can also decay invisibly into two singlet fermions if mpy, < my /2

~ The Higgs production channels are suppressed with respect to the SM by the
cosine of the mixing angle in the CP-even scalar sector

c2 BR(h — invisible ) < 0.19 at 95 % C.L.
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https://inspirehep.net/literature/1729103

3. Dark matter: Constraints

Majoron diagonal couplings to charged leptons

Loww = Tlg (S]"PL+ SFPr) o+ hic 598 = §86 | o8
W 5 i i
Ly =———F5—(My'TyPyL —y'TyM;Pr) ¢
167 (X
M2
an — AL 5 (MJQVR — m,27+ + m727+ F;
(M]%,n — m727+> s
Bound from white dwarfs:
Im 5S¢ < 2.1 x 10713
Calibbi, Redigolo, Ziegler, Zupan 2006.04795
Bound from the supernova SN1987A: put
gs)

Im S < 2.1 x 1077
Croon, Elor, Leane, McDermott 2006.13942 Y

A

~ Large couplings to electrons or muons are excluded since they would lead to
an abundant production of majorons in dense astrophysical media and an
efficient cooling mechanism

30.11.22 Pablo Escribano 21


https://inspirehep.net/literature/1800408
https://inspirehep.net/literature/1802845

3. Dark matter: Constraints

Lepton flavor violation

C> Ea —>€5’y

Theses turn out to be the most constraining observables in most neutrino
mass models

MEG: BR (,u — e’y) < 4.2 % 10_13 MEG Collaboration 1605.05081

Ly — gl L, with 8=~ and 8 #~
Analytical expressions in Abada e al 1408.0138

The majoron mediated contributions are derived in Escribano, Vicente 2008.01099

Uy > 5T
Jodidio et al. Phys.Rev.D 34

) ep|2 —11
TRIUMPH: ’S | <95.3x 10 Hirsch, Vicente, Meyer, Porod 0902.0525

— {4 — e conversion in nuclei

Analytical expressions in Abada e al 1408.0138
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967
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3. Dark matter: Numerical results

As mentioned before, they concentrate on the fermion DM: Ny

A2,3.4,8 € (1070, 1]
A5 € [10_8, 1}
mp, € [20,2000]GeV
K11 € [001, 1]
m?2 € [10°,107] GeV? (or fixed)
v, € [0.5,10]TeV

"~ AL s fixed by the condition of requiring Mp, = myp ~ 125 GeV
E> In order to have N1 as the DM candidate, we require My, < M Nos s Myg ;

C> Regarding neutrino oscillation parameters, normal hierarchy for the neutrino
spectrum was chosen and the best-fit values for the parameters were taken from

the glObal fit. de Salas et al 2006.11237
The angles of the orthogonal matrix R are assumed to be real and taken
randomly
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3. Dark matter: Relic abundance of Nq

Relic abundance of N; as a function of my,

§| I [T T TTT | I T T TTT ‘ I T T TTT ‘E Overabundant DM,
103 = = excluded by any constraint or
= 3 where the spin-indendent NI1-
10%s = nucleon elastic scattering cross
- ] section is excluded by the data
. 100 = from LUX-ZEPLIN
5 1002 . : :
= = = Cyan points: solutions that
1] £\ SR £ 3 _ reproduce the observed cold DM
l: Q) SO AR = lic densit d f
= ", = relic density measure orm
10-2L e ] Planck data
10—3_| RN | - NN Ll Blue points: underabundant DM
10" 10° 10° 10
mpy, [GeV|

C> my, is fixed to 500 GeV to highlight the s-channel annihilation of N; via hg

C> Most of the solutions lead to overabundant DM, except for points in these regions:

i) A resonant region where my, = mp/2
ii) A second resonant region where my, = mp, /2

ii1) A region of coannihilations at higher my;,
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3. Dark matter: Relic abundance of Nq

Relic abundance of N; as a function of my, in the coannihilation region

102L =
10’ =5 2
~ 10° £
= = :
-1 x o ® .ﬂw (] Y e oo
Rl 57 ) et RN TGN SRS SOOI
LY Y ',"‘."'ff‘l-“-!‘ R x) .?‘tl ?-.:é o * > ]
8 ¢ 3 2 g A TSRS R AL N —
Y. S RS PR a
1072~ "~ o AR AR, E
—:0--- "'?. :..".s. E
e :
10 | | [ |
102 10°
my, [GQV]

E> Coannihilations with ng r and nT are very relevant

In the following:
A =m,, —mn, € 0,20] GeV

C> If coannihilations are relevant, more viable solutions can be found

30.11.22

Pablo Escribano
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3. Dark matter: N1 direct detection

Spin-independent Nj-nucleon elastic scattering cross section as a function of my;,

LLZ Collaboration 2207.03764

Relative abundance 44 e R e e —~— =
g R T T P RN LUX-ZEPLIN
_ Qn, T A TR ORE At e ".-'-‘a;."".?_-:/ experiment
g o Q 10-45 : e “igg o " "ja , -""f L n-\;'.'--‘ o %
DM, Planck o e a0 : ! =
C\la 10—46 _g_(, " 4 : o‘.?
\_L)/ E 02 ‘s & .‘ o i~ ° E
~ 5t & 5 3 s g .S 3 ... é o §2m o ’.' ‘. ° . 5% . |
g:) _473_. -;.. :. .. --::'. M . - % e o L T : 2 .:. ® 4
. 10 =Y . e ". .:'o . g > Wt S T, o e . oe® =
w = T S W S LA A A R L S A T
:l ol o '-.lo :‘. . e ., ¢ * s & V:g‘?qj& - w.,.m ﬁ:’ ot e :\*> l/_ﬂoor
_ Lac® : i . :. 4 ..-: ..": ﬂﬂﬂﬂﬂ o ‘“’"ﬁ":w s 0 o > : 0, .
1048 of S T b SR TS oy o tans, Jalt Eee bre s *~ 3 Billard et al. 1307.5458
C o g =835 08 T sioth g O R oy Se ¥ . 3
R R T B ol LA & YRR Rl LA B
_49.'. L ."f- t",o':' TR ':g i k .."‘ 1
10 2. ° L sl " oo o | o9 | pLETY| L +
102 103
my, |GeV]

C> Coannihilation region in order to maximize the number of viable solutions

The neutrino floor should not be taken as a hard limit, as it can be overcome with
different techniques and it has strong dependencies on the target material and a

series of uncertainties
For more details: 2109.03247, 2109.03116, 2203.08084
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3. Dark matter: N1 indirect detection

Gamma rays and charged cosmic rays are among the most suitable messengers to
probe DM via indirect detection

C> Regarding the DM annihilation into gamma rays:
N1Ny = hihy, hoho,hiho, Z°Z° hid, 7577, qq, WTW

The hadronization of the final states will produce neutral pions, which decay into
photons giving rise to a gamma-ray flux which may be within reach of DM indirect
detection experiments

C> The detection of N; annihilations into charged cosmic rays is more challenging due to
uncertainties in the treatment of their propagation
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Dark matter: Nq indirect detection

N total annihilation cross section as a function of my,

I A

_LAT dsphs (W+W-) Gamma rays

Fermi

5 NAW-) Charged cosmic rays

e L4 ‘.o 0* 3
Fermi-LAT Collaboration 1503.02641
AMS Collaboration Phys. Rev. Lett. 117, 091103

€2 < ov> (cm?/s)

Gl el ol ol o

102 16°
my, [GeV]

ﬁ> Both upper limits are depicted assuming that N;N; — WTW ™ is the main

annihilation channel

C> Few solutions already fall within the region currently excluded by AMS-02 data

C> Forthcoming data will allow to further probe the singlet fermion as a DM
candidate via it multi-messenger signals
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3. Dark matter: LFV

BR (u — eJ) as a function of BR (u — e7y)

107

BR (u— eJ)

4
10_11 2.3"'“i ?

10—13?
0% 102 10 107 1008 100% 100
BR (p— ev)

C> LEV procesess strongly restrict the available parameter space of the model

C> Some parameter points are already excluded by the current experimental limits,
although the scan also finds many valid points leading to very low values of both
LFV branching ratios

E> Because random R matrices where considered so some points have suppressed
u — e flavor violation
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3. Summary and discussion

~ The Scotogenic model is a very economical scenario for neutrino
masses that includes a dark matter candidate

~ However, an ultraviolet completion for the model may offer
interesting possibilities:

~ A natural explanation for the smallness of the As parameter due
to large scale suppression.

- The Zs symmetry is obtained from spontaneous lepton number
breaking.

- Additional particles at low energies. In our case, a massive scalar
and a massless Goldstone boson, the majoron.

- The new states and interactions can have a remarkable impact on
the phenomenology of the model.

30.11.22 Pablo Escribano

30




3. Summary and discussion

~ Focusing on the DM candidate Ny, it can explain the observed DM
abundance in three regions:
~ A resonant region where it annihilates via Higgs
~ A second resonant region where it annihilates via hy

~ Aregion of coannihilations at masses around the TeV

~ If coannihilations are relevant, more solutions are found, either explaining
the totality of DM or a sizeable part of it

~ Indirect detection searches constitute a promising tool to probe N; as DM
via its multi-messenger signal
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Thanks for
your attention!
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