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The Scotogenic ModelMa. 2006]

(from greek: scotos = darkness)

Particle content Symmetries
@ SM field content @ SM gauge group
o 2" scalar doublet 7 ® 7y parity
(Y, = Yhiggs) - SM — SM
. /]
@ > 2 fermion singlets Ny . - N; — —N;

@ inert or dark sector
(stable lightest inert particle)

In short:

New particles with restricted interactions, DM candidate, but no neutrino
mass at the classical level




The Scotogenic Model Model Features

The Scotogenic Model(Ma. 2006]

Scalar sector

@ SM gauge group broken by Higgs mechanism

SU(3)e x SU2)z x ULy 2258, SU7(3), x U(1)em

T
@ physical Higgs: H = (O,v—i— %h) ,

T
inert scalars: n = (ni, %(UR + im))

e exact Zy parity < (n) =0

Scalar potential
A 2 A 2
V= mb HH + minfy + 5 (i) + = ()

+ A3 (HTH) (77“7) + M\ <17TH) (HW) + % [(77“’-[)2 + h.c.}
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The Scotogenic Model(Ma. 2006]

Fermion sector

@ Majorana masses for fermion singlets: Mj o .

Lagrangian /

1 -
L=Lsy—-V+ §NiMiijc +hec. + hyiNiii'lr; +hec.




The Scotogenic Model Model Features

The Scotogenic Model(Ma. 2006]

Fermion sector

@ Majorana masses for fermion singlets: Mo .
@ only one new Yukawa interaction allowed due to Zo

= no neutrino mass term ((n) =0) !

Lagrangian \

1 —-
L=Lsu—V+ §N¢MiijC +h.c. + hygNifjilr; + h.c.




The Scotogenic Model(Ma. 2006]

1—

The Scotogenic Model

Model Features

. A 2
L= §N1MZ]NC + ... -I-hijNﬂ]Tij + ...+ 75 (nTH)

J

Global U(1)r “lepton number” symmetry

M=0=
h=0=
As=0=

Il
o o =

L(N)
L(N)
L(N)

L(n) =0,
L(n) =0,
L(n) = —1,

L(tr) =1
L(tr) =1
L(tr) =1

/23



The Scotogenic Model Model Features

The Scotogenic Model(Ma. 2006]

1— — A 2
L= §N1MZ]NJC + ... -I-hijNﬂ]Tij + ...+ 75 (nTH)

Global U(1)r “lepton number” symmetry

M=0= L(N)=1, L(n) =0, L(tr) =1
h=0= L(N)=0, L(n) =0, L(tr) =1
As=0=  L(N)=0, L(y) = -1, L(tr) =1

't Hooft naturalness
A coupling constant is naturally small if the theory's symmetry is enhanced
when the coupling vanishes.

v




Phenomenology

Scalar masses Loop-level neutrino masses
m% =2\0% = —Qm%{ Higgs <H0>\ /<H0>
mi:m727+v2)\3 ‘\/’
m% =m3 +v* (A\s + As) p Inert 770/ - \770
m? =mi +v* (A — Xs) / Iy \
V; -t ——
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Phenomenology

Scalar masses Loop-level neutrino masses
HO H°
m% =2\v% = —2m% Higgs < >\ /< >
mi:m727+v2)\3 NN
0o 7 0
m% =m3 +v* (A\s + As) p Inert m, - >~
m3 =m3 +v* (Mg — As) / Np
VZ Nt < 'j

Active v mass:

Mo Bihis
Py, 45 = Z k hkzhkj m% log (m%) - m% log (m% >
’ 2 (4m)? mp — M7\ M;; my — M\ M,
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Scalar masses Loop-level neutrino masses
m% =2\0% = —Qm%{ Higgs
mi = m% +v2\3 nR
m% =m2 +v* (A + As) p Inert PR
2 2 2 \
my=mi+v ()\4—)\5) y 1/ Ny, 1 ,
i > ~ Yj

Active v mass:
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Pheiamee gy
The Mass Matrix — A Closer Look

Small A5 (mpg =~ my):

A—l

X Uhki X Mk_lf(Mk,mo) XU hkj

m2 +m2
e=27)

My, ij =~ — Z )\5 X
k (471')2

In general, we find:

m, = (LNV coupling) x (loop factor) x m}h x (loop function) x mp

TV
~ seesaw formula
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Pheiamee gy
The Mass Matrix — A Closer Look

Small A5 (mpg =~ my):

=A!

X Uhki X Mk_lf Mk,mo) XU hkj

: (
-\ i
=

In general, we find:

m, = (LNV coupling) x (loop factor) x mh x (loop function) x mp

TV
~ seesaw formula
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Running Masses & Angles OV

Renormalization Procedure — Technical Steps

3 1 15, 9,
DY, =Y. {5YJY,, +5hh+ T = gt - Zgé}

3 1 3 9
Dh:h{glﬁh+§YJYe+7}— igf—igg}

DM = {(h h*) M+ (n m)*}

DAy = 1202 + 403 + Ahghg + 203 + 2)2 + 2 (g1 + 29193 + 393)
— 31 (g +393) +4NT — 4Ty
Do = 1203 + 473 + 4hshg + 203 + 202 + % (g1 + 29393 + 393)
— 32 (97 +393) +4XT), — 4Ty,
DA = 2(M1 + Ao) (3Xg + Ar) +4N3 + 202 £ 202 + % (91— 2423 + 341
=33 (97 +303) + 203 (T + 1) — AT,
DAy =2 (A1 + A2) A+ 8hsha + 403 + 8X2 + 3¢%¢2
—3Xs (97 +363) + 2\ (T +T,) + 4T,

DAs = As[2 (A1 + o) + 8A3 + 120 — 3 (9F + 393) + 2(T + 1))

3 5
Dy = 6 my +2 (23 + M) m% +m3 [ZT -3 (g% + 3g5)}

D = 6Xgm? + 2 (2Ag + Ag) my +m? [ZT,, By :;gif,)] 4> (h m)“

2

i

calculate RGEs

determine
matching conditions
at mass thresholds

analytical RGEs for
mixing angles and
masses (613 < 1)

compare with
numerics
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Running Masses & Angles OV

Renormalization Procedure — Technical Steps

Integrate out heavy fields

@ calculate RGEs

decouple Ny and ) decouple Ny decouple N3 @ determine

matching conditions

at mass thresholds
SM + Weinberg Np and Nigand Ny23and n

@ analytical RGEs for
EFT 0 Full Theory mixing angles and
masses (013 < 1)

My i @ compare with

numerics
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Running Masses & Angles ROV

Renormalization Procedure — Technical Steps

(H) (H)
AN /
AN /
AN /
vj calculate RGEs
oS
Y determine
Jr . “ .
. matching conditions
R/T
N at mass thresholds
. (n) /
—1 My = \ H
X | , analytical RGEs for
AN « .
Vj ——= (22; vi mixing angles and
ij masses (613 < 1)
+
NR/T compare with
AT numerics
/ \
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Renormalization Procedure — Technical Steps
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Running Masses & Angles

Overview

Renormalization Procedure — Technical Steps
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Vi
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Running Masses & Angles OV

Renormalization Procedure — Technical Steps

<K Mo, ..
hth = diag(h?,h2,h2) & my{ ~Mia, ..
> Mo, ..

@ calculate RGEs

(A7) = my [C + 20 [clacish + s35(clystshd + sToh3) + By(sTah + clostsh3)] +
+ o575 cos(0) sin(2612) sin(2023) (h3 — h3)] .
@ determine

2 5 2 239 22 242 23 222, 2 22
(4m)*mly = my [C + 2ap, [sTacish? + sh3(s5Ta5T3h3 + cah3) + c33(cah3 + sTasizh3)| +

+ a5ty cos(0) sin(2612) sin(2023) (h3 — h3)] matCh I ng Cond Iitions
at mass thresholds

(47)*mly = m3 [C + 20 [s13h? + cy(s3sh3 + c33h3)] ]
| , @ analytical RGEs for
mie'? + moe'®? . .
(4t = 5 sin2the) (= = ) + 061 mixing angles and
masses (013 < 1)

)

‘m.e’“" + 17!,3‘

P O(6y .
mo |79 e compare with

numerics

sin(2023) (k3 = h3)
Am3,

Qp o 2 2
(47)%60; = 5> Ay [moe'®? 4 my| " + 5%,

ap

S (W= 1) sin(2012) sin(2033) s

T+ 03,
X [mycos(6 — ¢1) — (14 ¢)mgcos(d — ¢2) — (g cos(8)] + O(613)
cf. Seesaw Mechanism: [Antusch et al., 2003]

(4m)%01y =

13/23
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(47)*mly = m3 [C + 20 [s13h? + cy(s3sh3 + c33h3)] ]
e @ analytical RGEs for
mye'?t + moe'?? E
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‘mlew‘ 4 T!Lg‘
[ 1T .
so |79 e compare with

numerics

ap Sin(2023) (3 — h3)

4200, — X 2
(4m) 05, 5

2

io: 2

A2 cy ‘mze L m;;‘ + 812
32
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: - 2
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ms
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Running Masses & Angles Results

Results — top-down from A = 10'® GeV

For hi; ~ O(1); Mi23 < m, = 350 GeV; bimaximal mixing:

mixing angles
60 - - - -

50f ; Oy

40+

913

0° 10° 10° 10° 100 102 107 10%
1 [GeV]
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Results — top-down from A = 10'¢ GeV

For hi; ~ O(1); Mi23 < m, = 350 GeV; bimaximal mixing:

mixing angles _
: : : : @ strong running & agreement
with experiments at

low energies

@ analytical RGEs good
approximation

N i 6y
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Results — top-down from A = 10'¢ GeV

For hi; ~ O(1); Mi23 < m, = 350 GeV; bimaximal mixing:

masses _

107 S @ strong running & agreement
‘ with experiments at

low energies

@ analytical RGEs good
approximation

/ o likewise for masses

o Am3; ~ 7.1 x 107%V? /
. Am2, ~ 1.1 x 1073eV? X
102 100 105 105 10" 102 10™ 10% 32

1 [GeV] (Am?j =m? — m?)

m; [eV]

1072

= h'h = diag is quite restrictive, but now we know where to look!
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Running Masses & Angles Results

Relaxing the Assumptions on the Yukawas

Now: m,, ~ M 23 ~ 600 GeV and hth arbitrary

mass square differences

10? ~
M, ™
A
I3 !
=10t | h . )
S - Am3 /107°
E 21
a
Pt Am, /107
100 i

107 100 10° 10° 10° 102 107 10
1 [GeV]
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Relaxing the Assumptions on the Yukawas
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masses

1071}

\

m; [eV]
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10*2 0 . . . . . .
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Running Masses & Angles Results

Relaxing the Assumptions on the Yukawas

Now: m,, ~ M 23 ~ 600 GeV and hth arbitrary

mixing angles
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" 013
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Running Masses & Angles Results

Results — bottom-up

107 100 10° 10° 10° 107 107 10
w [GeV]
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Running Masses & Angles Results

Results — bottom-up

ms — mj ms + mso
§=¢1=0
60
|— &= - a=r
50t
9‘23
40}
912
=2 30}
5
M.
20t 7
10+ e
0

10 107 10° 10° 100 102 107 10
 [GeV] 1623



Results — bottom-up

(more in arXiv:1507.06314]
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Parity Problem

The Parity Problem
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WiES: 5 i Peiisy (Pt
What is the Parity Problem?

@ strong mass hierarchy ‘m%{‘ < m?7 < M122
= hierarchy problem

@ fermionic corrections have opposite sign!
= m% < 0 will cause spontaneous breaking of Zs at some point

However:

Zs is crucial because it guarantees small neutrino masses
and the stability of DM!

18/23



Ul Seelle aif 2 ez
The Parity Problem — Breaking Scale A

300

— M;=2TeV
— M, =5 TeV
— M; =10 TeV

hys =hyy =0.51

10° 107 10°
1 [GeV]

@ breaking scale as low as ~ 5 TeV
@ DM production?!

more in [A. Merle and MP, arXiv:1502.03098]
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Ul Seelle aif 2 ez
The Parity Problem — Breaking Scale A

300 @ A grows with m,
— M; =2TeV
— M, =10 TeV oA S TeV for small My
— 20 hyy=hgy=0.51
Z
<)
100
z
<
<
0 10° 107 10°

1 [GeV]

@ breaking scale as low as ~ 5 TeV

@ DM production?!
more in [A. Merle and MP, arXiv:1502.03098]
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The Parity Problem — Analytical Understanding

EWSB (IR) M Zs intact (UV)

m%{<0 m

v
x>~

2
myg

N
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The Parity Problem — Analytical Understanding

EWSB (IR) M Zs intact (UV)

small enough 2

2 2 2
_
Ulyzs <0 mn mn > my

x>

3
Dy = Gy + DA + iy [27 — 3 (5 + 34
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The Parity Problem — Analytical Understanding

EWSB (IR) M Zs intact (UV)

small enough 2 large enough

2 2
my <0 my, my,

3
Dmi; = 6\im¥ + 2(2Xs + Aa)m3 +mi; 2T — 5 (91 + 3g§’)]

3
Dm} = 6Xgm, + 2 (2\3 + Aa) mi + m., [2T,, -5

(91 + 393)]

—4 Zz Mi2 (h’ hT)

i
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The Parity Problem — Analytical Understanding

EWSB (IR) M Zs intact (UV)

small enough 2 large enough

2 2
my <0 my, my

Dm¥ = 6 \imi + 2(2X3 + M) m% +m? [ T—f (97 +3g2)]

3
Dm —6)\2m +2(2)\3—|—)\4)mH+m [ T, — §(g1 —1—392)]
—437, M7 (hht),, A Ar?ml(Mz)
analytically: Mz M?h?(Mz)
20/23



Parity Problem New Constraints

Keeping Z, intact up to 106 GeV (Mj3 ~ 1 TeV)

Color code: EWSB , valid up to 10'6 GeV , SSB of 7, (+ el. charge)
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Parity Problem New Constraints

Keeping Z, intact up to 106 GeV (Mj3 ~ 1 TeV)

3000

1000

Color code: EWSB , valid up to 10'6 GeV , SSB of 7, (+ el. charge)
e for all valid points m,, > 550 GeV

@ physical scalar masses:
my > 554 GeV & mp,r > 559 GeV

o analytical estimate (A > 10'° GeV): m,, > 625 GeV

21/23



Conclusions

Summary:
@ scotogenic model is a paradigm for radiative v mass
— LNV, loop suppression and scale suppression

(H®) (HC)
N /
EN »
N/
7]0// - \\7]0
/ Ny \
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Conclusions

Conclusions

Summary:

@ scotogenic model is a paradigm for radiative v mass
— LNV, loop suppression and scale suppression

@ RG running in such a model can be significant

— flavor symmetries, collider vs. low-energy data ...

(H®) (H?)
N /
EN »
N/
7]0// - \\7]0
/ Ny \

[ T T T T T T T
#(GeV

22/23



Conclusions

Summary:
@ scotogenic model is a paradigm for radiative v mass
— LNV, loop suppression and scale suppression

@ RG running in such a model can be significant
— flavor symmetries, collider vs. low-energy data ...

@ parity problem is a hierarchy-type problem
— mass scales cannot be too far apart, light RH neutrinos?!

(H) (H°)

[ T T T T T T T
#(GeV
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Conclusions

Thank you!
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