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The Standard Model…

en.wikipedia.org/wiki/Standard_Model
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The Standard Model… and its shortcomings

Dark matter in the Universe…?

Hierarchy problem…?

Gauge cou
pling un

ification
…?

Gravity…?

Neutrino 
masses…?

Lepton-flavour non-universality…?

Flavour p
roblem…?

Baryon as
ymmetry…?

Muon g-2
…?
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Dark matter in the Universe — relic abundance

x = m/T (time)

Y 
= 

n/
s 

(a
bu

nd
an

ce
) Time evolution of number density of the relic 

particle described by Boltzmann equation

small ⟨σannv⟩

large ⟨σannv⟩

dn

dt
= �3Hn� h�annvi

�
n
2 � n

2
eq

�

Prediction of dark matter relic density
(if masses and interactions are known)
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Dark matter candidate…? WIMP…?

(dis)favoured parameter regions…?

Planck 2018

ΩCDMh2 = 0.1200 ± 0.0012
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Figure 1: Current (left) and future (right) 90% C.L. exclusion plots to the e↵ective WIMP–proton cross section �p of
Eq. (13) for the SI interaction of Eq. (1) corresponding to the O1 operator in Eq.(3) for the isoscalar case cp

1=cn
1. The

figure shows the constraints from the full set of experiments that we include in our analysis, which consists in the latest
available data from 14 existing DM searches, and the estimated future sensitivity of 4 projected ones (LZ, PICO-500
(C3F8), PICO-500 (CF3I) and COSINUS). The closed solid (red) contour represents the 5–sigma DAMA modulation
amplitude region, while we indicate with DAMA0 the upper bound from the DAMA average count–rate. Notice that
after the release of the DAMA/LIBRA-phase2 result [5] a spin–independent isoscalar (cn/cp=1) interaction does not
provide anymore a good fit to the modulation e↵ect, while it still does for di↵erent values of cn/cp and for other e↵ective
couplings [44].

experiments, and the estimated future sensitivity of 4 projected ones. The details of our procedure
to obtain the exclusion plots are provided in Appendix B.

The relative sensitivity of di↵erent detectors is determined by two elements: the thresholds
vth

min of di↵erent experiments expressed in terms of the WIMP incoming velocity, and the scaling
law of the WIMP–nucleus cross section o↵ di↵erent targets.

The former element explains the steep rise of all the exclusion plot curves at low WIMP
masses, which corresponds to the case when vth

min approaches the value of the escape velocity
in the lab rest frame, and is sensitive to experimental features close to the energy threshold that
are typically a↵ected by uncertainties, such as e�ciencies, acceptances and charge/light yields.
With the assumptions listed in Appendix B, among the experiments included in our analysis
the ones with the lowest velocity thresholds turn out to be DS50, CRESST–II, CDMSlite and
CDEX. In particular, for m�=1 GeV we have vth

min,DS 50 ' 450 km/s, vth
min,CRES S T�II ' 480 km/s

(for scatterings o↵ oxygen), vth
min,CDMS lite ' 910 km/s, vth

min,CDEX ' 1600 km/s. Assuming vlab
esc '

782 km/s (see the previous Section) this implies that in our analysis only DS50 and CRESST-II
(for e↵ective interactions for which argon and oxygen have a non–vanishing nuclear response
function) are sensitive to m� <⇠ 1 GeV. On the other hand CDMSlite and CDEX are sensitive to
slightly higher masses (for instance, for m�=2 GeV vth

min,CDMS lite ' 460 km/s, vth
min,CDEX ' 850

km/s, while for m�=3 GeV vth
min,CDEX ' 580 km/s). The velocity threshold is a purely kinematical

feature that does not depend on the type of interaction and that favors experiments with the lowest
vth

min at fixed m�.
With the exception of very low masses, where the e↵ect of vth

min is dominant, the relative
sensitivity of di↵erent detectors is determined by the scaling law of the WIMP–nucleus cross
section with di↵erent targets, which is the focus of our analysis. In particular the SI interaction
(corresponding to the M e↵ective nuclear operator) favors heavy nuclei, so that the most stringent
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XENON collaboration

Dark matter in the Universe — direct searches

Dark matter candidate…? WIMP…?

Direct Detection Direct Detection Methods and Technologies

Germanium Detectors

Figure : [KIP]

create electron hole pairs

collect charge

e.g. CoGeNT

Tobias Brueck Detection of WIMPs July 1, 2016 24

Viable regions of 
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               100 GeV — 2 TeV 
typical masses in scotogenic models
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Neutrino masses and mixing

Mechanism for neutrino mass generation…?

νe νμ

ντ

ν1
ν2
ν3

= Vν

νe
νμ
ντ

= VPMNS

νe
νμ
ντ

VPMNS = V†
ℓVν

𝓵k

𝛎i

W±
∝ (VPMNS)ik

S�`�K2i2` AMi2`p�H

�m2
12 [7.0; 7.84] · 10�23

m⌫2 [8.367; 8.854] · 10�12

�m2
13 [2.47; 2.57] · 10�21

m⌫3 [4.96; 5.07] · 10�11

S�`�K2i2` AMi2`p�H

✓12 [31.90; 34.98]

✓13 [8.33; 8.81]

✓23 [46.8; 51.6]

�CP [143; 251]

h�#H2 k, AMi2`p�Hb �i i?2 XXXW +QM}/2M+2 H2p2H 7Q` i?2 M2mi`BMQ K�bb2b �M/ KBtBM; T�`�K2@
i2`b 2ti`�+i2/ 7`QK ;HQ#�H }ib Q7 2tT2`BK2Mi�H M2mi`BMQ /�i� (k8Ĝkd)X h?2 M2mi`BMQ K�bb2b
�`2 ;Bp2M BM :2o- i?2 �M;H2b �M/ T?�b2b 2Mi2`BM; i?2 SJLa K�i`Bt �`2 ;Bp2M BM /2;`22bX

AM i?2 #�bBb r?2`2 i?2 +?�`;2/ H2TiQM umF�r� K�i`Bt Bb /B�;QM�H- i?2 KBtBM; K�i`Bt
U⌫ BM 1[X UjX3V Bb B/2MiB}2/ rBi? i?2 SQMi2+Q`pQ@J�FB@L�F�;�r�@a�F�i� USJLaV K�i`Bt
(kj- k9)X h?2 H�ii2` +�M #2 2tT`2bb2/ �b i?2 T`Q/m+i

UPMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e�i�CP

0 1 0

�s13ei�CP 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA

0

B@
1 0 0

0 ei↵1 0

0 0 ei↵2

1

CA , UjXNV

r?2`2 ✓12- ✓13- �M/ ✓23 �`2 i?2 i?`22 M2mi`BMQ KBtBM; �M;H2b- �CP Bb i?2 CP @pBQH�iBM; .B`�+
T?�b2- �M/ ↵1,2 �`2 irQ CP @pBQH�iBM; J�DQ`�M� T?�b2bX 1tT2`BK2Mi�H /�i�- K�BMHv 7`QK
M2mi`BMQ Qb+BHH�iBQM K2�bm`2K2Mib- ;Bp2b �++2bb iQ i?2 /Bz2`2M+2b Q7 i?2 M2mi`BMQ K�bb2b
b[m�`2/ �b r2HH �b iQ i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2 (k8Ĝkd)X aBM+2 BM i?2 T`2b2Mi
+�b2- i?2 HB;?i2bi M2mi`BMQ `2K�BMb K�bbH2bb- i?2 2ti`�+i2/ K�bb b[m�`2/ /Bz2`2M+2b /B`2+iHv
i`�MbH�i2 BMiQ BMi2`p�Hb 7Q` i?2 irQ `2K�BMBM; K�bb2b �b ;Bp2M BM h�#X kX q2 �HbQ b?Qr i?2
BMi2`p�Hb 7Q` i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2X LQi2 i?�i i?2 J�DQ`�M� T?�b2b `2K�BM
mM+QMbi`�BM2/ #v T`2b2Mi /�i�X

� aQ`i Qmi Lm@6Bi `272`2M+2b (k8Ĝkd) BM h�#H2 kX lb2 QMHv i?2 H�i2bi QM2 (kd)\ .Q r2 M22/
i?2 Qi?2` QM2b\
*QKTH2i2 +QM}/2M+2 H2p2H BM h�#H2 kX

6QHHQrBM; i?2 *�b�b@A#�``� T�`�K2i`Bx�iBQM (k3)- i?2 +QmTHBM;b gF �M/ g - r?B+? �`2
`2bTQMbB#H2 7Q` i?2 ;2M2`�iBQM Q7 i?2 M2mi`BMQ K�bb2b- �`2 `2H�i2/ iQ i?2 T�`�K2i2`b 2Mi2`BM;
1[X UjX3V i?`Qm;?

G = ULD�1/2
L RD1/2

⌫ U⇤
PMNS . UjXRyV

>2`2- D⌫ Bb � /B�;QM�H K�i`Bt +QMi�BMBM; i?2 M2mi`BMQ K�bb 2B;2Mp�Hm2b �M/ UPMNS Bb
i?2 SJLa K�i`BtX h?2 K�i`B+2b DL �M/ UL `2H�i2 iQ i?2 HQQT BMi2;`�Hb 2p�Hm�i2/ BM
i?2 K�bb 2B;2M#�bBb Ub22 6B;X 8V �M/ /2T2M/ QM i?2 T�`�K2i2`b `2H�i2/ iQ i?2 b+�H�` �M/
72`KBQM b2+iQ`bX � /2i�BH2/ /Bb+mbbBQM Q7 i?2 M2mi`BMQ K�bb K�i`Bt �M/ i?2 *�b�b@A#�``�
T�`�K2i`Bx�iBQM BM i?2 KQ/2H mM/2` +QMbB/2`�iBQM Bb ;Bp2M BM �TTbX � �M/ "X

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i 1[X UjXRyV Bb #�b2/ QM i`22@H2p2H `2H�iBQMbX AM T�`iB+mH�`-
i?2 /B�;QM�HBx�iBQM Q7 i?2 b+�H�` �M/ 72`KBQM b2+iQ`b 2Mi2`BM; i?2 K�i`B+2b DL �M/ UL Bb

Ĝ N Ĝ

S�`�K2i2` AMi2`p�H

�m2
12 [7.0; 7.84] · 10�23

m⌫2 [8.367; 8.854] · 10�12

�m2
13 [2.47; 2.57] · 10�21

m⌫3 [4.96; 5.07] · 10�11

S�`�K2i2` AMi2`p�H

✓12 [31.90; 34.98]

✓13 [8.33; 8.81]

✓23 [46.8; 51.6]

�CP [143; 251]

h�#H2 k, AMi2`p�Hb �i i?2 XXXW +QM}/2M+2 H2p2H 7Q` i?2 M2mi`BMQ K�bb2b �M/ KBtBM; T�`�K2@
i2`b 2ti`�+i2/ 7`QK ;HQ#�H }ib Q7 2tT2`BK2Mi�H M2mi`BMQ /�i� (k8Ĝkd)X h?2 M2mi`BMQ K�bb2b
�`2 ;Bp2M BM :2o- i?2 �M;H2b �M/ T?�b2b 2Mi2`BM; i?2 SJLa K�i`Bt �`2 ;Bp2M BM /2;`22bX

AM i?2 #�bBb r?2`2 i?2 +?�`;2/ H2TiQM umF�r� K�i`Bt Bb /B�;QM�H- i?2 KBtBM; K�i`Bt
U⌫ BM 1[X UjX3V Bb B/2MiB}2/ rBi? i?2 SQMi2+Q`pQ@J�FB@L�F�;�r�@a�F�i� USJLaV K�i`Bt
(kj- k9)X h?2 H�ii2` +�M #2 2tT`2bb2/ �b i?2 T`Q/m+i

UPMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e�i�CP

0 1 0

�s13ei�CP 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA

0

B@
1 0 0

0 ei↵1 0

0 0 ei↵2

1

CA , UjXNV

r?2`2 ✓12- ✓13- �M/ ✓23 �`2 i?2 i?`22 M2mi`BMQ KBtBM; �M;H2b- �CP Bb i?2 CP @pBQH�iBM; .B`�+
T?�b2- �M/ ↵1,2 �`2 irQ CP @pBQH�iBM; J�DQ`�M� T?�b2bX 1tT2`BK2Mi�H /�i�- K�BMHv 7`QK
M2mi`BMQ Qb+BHH�iBQM K2�bm`2K2Mib- ;Bp2b �++2bb iQ i?2 /Bz2`2M+2b Q7 i?2 M2mi`BMQ K�bb2b
b[m�`2/ �b r2HH �b iQ i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2 (k8Ĝkd)X aBM+2 BM i?2 T`2b2Mi
+�b2- i?2 HB;?i2bi M2mi`BMQ `2K�BMb K�bbH2bb- i?2 2ti`�+i2/ K�bb b[m�`2/ /Bz2`2M+2b /B`2+iHv
i`�MbH�i2 BMiQ BMi2`p�Hb 7Q` i?2 irQ `2K�BMBM; K�bb2b �b ;Bp2M BM h�#X kX q2 �HbQ b?Qr i?2
BMi2`p�Hb 7Q` i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2X LQi2 i?�i i?2 J�DQ`�M� T?�b2b `2K�BM
mM+QMbi`�BM2/ #v T`2b2Mi /�i�X

� aQ`i Qmi Lm@6Bi `272`2M+2b (k8Ĝkd) BM h�#H2 kX lb2 QMHv i?2 H�i2bi QM2 (kd)\ .Q r2 M22/
i?2 Qi?2` QM2b\
*QKTH2i2 +QM}/2M+2 H2p2H BM h�#H2 kX

6QHHQrBM; i?2 *�b�b@A#�``� T�`�K2i`Bx�iBQM (k3)- i?2 +QmTHBM;b gF �M/ g - r?B+? �`2
`2bTQMbB#H2 7Q` i?2 ;2M2`�iBQM Q7 i?2 M2mi`BMQ K�bb2b- �`2 `2H�i2/ iQ i?2 T�`�K2i2`b 2Mi2`BM;
1[X UjX3V i?`Qm;?

G = ULD�1/2
L RD1/2

⌫ U⇤
PMNS . UjXRyV

>2`2- D⌫ Bb � /B�;QM�H K�i`Bt +QMi�BMBM; i?2 M2mi`BMQ K�bb 2B;2Mp�Hm2b �M/ UPMNS Bb
i?2 SJLa K�i`BtX h?2 K�i`B+2b DL �M/ UL `2H�i2 iQ i?2 HQQT BMi2;`�Hb 2p�Hm�i2/ BM
i?2 K�bb 2B;2M#�bBb Ub22 6B;X 8V �M/ /2T2M/ QM i?2 T�`�K2i2`b `2H�i2/ iQ i?2 b+�H�` �M/
72`KBQM b2+iQ`bX � /2i�BH2/ /Bb+mbbBQM Q7 i?2 M2mi`BMQ K�bb K�i`Bt �M/ i?2 *�b�b@A#�``�
T�`�K2i`Bx�iBQM BM i?2 KQ/2H mM/2` +QMbB/2`�iBQM Bb ;Bp2M BM �TTbX � �M/ "X

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i 1[X UjXRyV Bb #�b2/ QM i`22@H2p2H `2H�iBQMbX AM T�`iB+mH�`-
i?2 /B�;QM�HBx�iBQM Q7 i?2 b+�H�` �M/ 72`KBQM b2+iQ`b 2Mi2`BM; i?2 K�i`B+2b DL �M/ UL Bb

Ĝ N Ĝ

S�`�K2i2` AMi2`p�H

�m2
12 [7.0; 7.84] · 10�23

m⌫2 [8.367; 8.854] · 10�12

�m2
13 [2.47; 2.57] · 10�21

m⌫3 [4.96; 5.07] · 10�11

S�`�K2i2` AMi2`p�H

✓12 [31.90; 34.98]

✓13 [8.33; 8.81]

✓23 [46.8; 51.6]

�CP [143; 251]

h�#H2 k, AMi2`p�Hb �i i?2 XXXW +QM}/2M+2 H2p2H 7Q` i?2 M2mi`BMQ K�bb2b �M/ KBtBM; T�`�K2@
i2`b 2ti`�+i2/ 7`QK ;HQ#�H }ib Q7 2tT2`BK2Mi�H M2mi`BMQ /�i� (k8Ĝkd)X h?2 M2mi`BMQ K�bb2b
�`2 ;Bp2M BM :2o- i?2 �M;H2b �M/ T?�b2b 2Mi2`BM; i?2 SJLa K�i`Bt �`2 ;Bp2M BM /2;`22bX

AM i?2 #�bBb r?2`2 i?2 +?�`;2/ H2TiQM umF�r� K�i`Bt Bb /B�;QM�H- i?2 KBtBM; K�i`Bt
U⌫ BM 1[X UjX3V Bb B/2MiB}2/ rBi? i?2 SQMi2+Q`pQ@J�FB@L�F�;�r�@a�F�i� USJLaV K�i`Bt
(kj- k9)X h?2 H�ii2` +�M #2 2tT`2bb2/ �b i?2 T`Q/m+i

UPMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e�i�CP

0 1 0

�s13ei�CP 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA

0

B@
1 0 0

0 ei↵1 0

0 0 ei↵2

1

CA , UjXNV

r?2`2 ✓12- ✓13- �M/ ✓23 �`2 i?2 i?`22 M2mi`BMQ KBtBM; �M;H2b- �CP Bb i?2 CP @pBQH�iBM; .B`�+
T?�b2- �M/ ↵1,2 �`2 irQ CP @pBQH�iBM; J�DQ`�M� T?�b2bX 1tT2`BK2Mi�H /�i�- K�BMHv 7`QK
M2mi`BMQ Qb+BHH�iBQM K2�bm`2K2Mib- ;Bp2b �++2bb iQ i?2 /Bz2`2M+2b Q7 i?2 M2mi`BMQ K�bb2b
b[m�`2/ �b r2HH �b iQ i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2 (k8Ĝkd)X aBM+2 BM i?2 T`2b2Mi
+�b2- i?2 HB;?i2bi M2mi`BMQ `2K�BMb K�bbH2bb- i?2 2ti`�+i2/ K�bb b[m�`2/ /Bz2`2M+2b /B`2+iHv
i`�MbH�i2 BMiQ BMi2`p�Hb 7Q` i?2 irQ `2K�BMBM; K�bb2b �b ;Bp2M BM h�#X kX q2 �HbQ b?Qr i?2
BMi2`p�Hb 7Q` i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2X LQi2 i?�i i?2 J�DQ`�M� T?�b2b `2K�BM
mM+QMbi`�BM2/ #v T`2b2Mi /�i�X

� aQ`i Qmi Lm@6Bi `272`2M+2b (k8Ĝkd) BM h�#H2 kX lb2 QMHv i?2 H�i2bi QM2 (kd)\ .Q r2 M22/
i?2 Qi?2` QM2b\
*QKTH2i2 +QM}/2M+2 H2p2H BM h�#H2 kX

6QHHQrBM; i?2 *�b�b@A#�``� T�`�K2i`Bx�iBQM (k3)- i?2 +QmTHBM;b gF �M/ g - r?B+? �`2
`2bTQMbB#H2 7Q` i?2 ;2M2`�iBQM Q7 i?2 M2mi`BMQ K�bb2b- �`2 `2H�i2/ iQ i?2 T�`�K2i2`b 2Mi2`BM;
1[X UjX3V i?`Qm;?

G = ULD�1/2
L RD1/2

⌫ U⇤
PMNS . UjXRyV

>2`2- D⌫ Bb � /B�;QM�H K�i`Bt +QMi�BMBM; i?2 M2mi`BMQ K�bb 2B;2Mp�Hm2b �M/ UPMNS Bb
i?2 SJLa K�i`BtX h?2 K�i`B+2b DL �M/ UL `2H�i2 iQ i?2 HQQT BMi2;`�Hb 2p�Hm�i2/ BM
i?2 K�bb 2B;2M#�bBb Ub22 6B;X 8V �M/ /2T2M/ QM i?2 T�`�K2i2`b `2H�i2/ iQ i?2 b+�H�` �M/
72`KBQM b2+iQ`bX � /2i�BH2/ /Bb+mbbBQM Q7 i?2 M2mi`BMQ K�bb K�i`Bt �M/ i?2 *�b�b@A#�``�
T�`�K2i`Bx�iBQM BM i?2 KQ/2H mM/2` +QMbB/2`�iBQM Bb ;Bp2M BM �TTbX � �M/ "X

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i 1[X UjXRyV Bb #�b2/ QM i`22@H2p2H `2H�iBQMbX AM T�`iB+mH�`-
i?2 /B�;QM�HBx�iBQM Q7 i?2 b+�H�` �M/ 72`KBQM b2+iQ`b 2Mi2`BM; i?2 K�i`B+2b DL �M/ UL Bb

Ĝ N Ĝ
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Extensions of the scotogenic type

νi νj

ϕ

χ
Standard Model + new scalars + new fermions
— radiative generation of neutrino masses

“σκότος” —- “darkness”


  “γεννώ” —- “give birth”

 symmetry
— stable dark matter candidate (scalar or fermion)
— implications on collider phenomenology

ℤ2

SM

SM

ϕ

χ

SM

SM

ϕ

ϕ

SM

SM

χ

χ
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Verifiable radiative seesaw mechanism of neutrino mass and dark matter

Ernest Ma

Physics Department, University of California, Riverside, California 92521, USA

(Received 27 January 2006; published 14 April 2006)

Neutrino oscillations have established that neutrinos !i have very small masses. Theoretically, they are

believed to arise through the famous seesaw mechanism from their very heavy and unobservable Dirac

mass partners Ni. It is proposed here in a new minimal extension of the standard model with a second

scalar doublet ("! , "0) that the seesaw mechanism is actually radiative, and that Ni and ("! , "0) are

experimentally observable at the forthcoming Large Hadron Collider, with the bonus that the lightest of

them is also an excellent candidate for the dark matter of the Universe.

DOI: 10.1103/PhysRevD.73.077301

PACS numbers: 14.60.Pq, 95.35.+d

In the well-known canonical seesaw mechanism [1],

three heavy singlet Majorana neutrinos Ni (i " 1), 2, 3

are added to the standard model (SM) of elementary par-

ticles, so that

M
#e;#;$$
! " %MDM

%1
N MT

D;
(1)

where MD is the 3& 3 Dirac mass matrix linking the

observed neutrinos !% (% " e;#; $) to Ni, and MN is

the Majorana mass matrix of Ni. More generally [2], M!

comes from the unique dimension-five operator

L ! "
fij
!
#!i&0 % li&!$#!j&

0 % lj&!$ ! H:c:; (2)

where (!i, li) are the usual left-handed lepton doublets

transforming as (2, %1=2) under the standard electroweak

SU#2$L&U#1$Y gauge group and #&! ;&0$ ' #2; 1=2$ is

the usual Higgs doublet of the SM. There are three and only

three tree-level realizations [3] of this operator, one of

which is of course the canonical seesaw mechanism.

There are also three generic mechanisms for obtaining

this operator in one loop [3]. Whereas the new particles

required in the three tree-level realizations are most likely

too heavy to be observed experimentally in the near future,

those involved in the one-loop realizations may in fact be

light enough to be detected, in forthcoming experiments at

the Large Hadron Collider (LHC), for example.

Consider the following minimal extension of the SM.

Under SU#2$L&U#1$Y
& Z2, the particle content is given

by

#!i;li$'#2;%1=2;!$; lci'#1;1;!$; Ni'#1;0;%$;
(3)

#&! ;&0$ ' #2; 1=2;!$; #"! ;"0$ ' #2; 1=2;%$: (4)

Note that the new particles, i.e. Ni and the scalar doublet

("! , "0), are odd under Z2. A previously proposed model

[4] of neutrino mass shares the same particle content of this

model, but the extra symmetry assumed there is global

lepton number, which is broken explicitly but softly by

the unique bilinear term #2"y"! H:c: in the Higgs po-

tential. Here, Z2 is an exact symmetry, in analogy with the

well-known R-parity of the minimal supersymmetric stan-

dard model (MSSM), hence this term is strictly forbidden.

As a result, "0 has zero vacuum expectation value and

there is no Dirac mass linking !i withNj. Neutrinos remain

massless at tree level as in the SM.

The Yukawa interactions of this model are given by

L Y " fij#&%!i!
#&0li$lcj ! hij#!i"

0 % lj"!$Nj ! H:c:

(5)

In addition, the Majorana mass term

1
2
MiNiNi! H:c:

and the quartic scalar term

1
2
'5#"y"$

2 ! H:c:

are allowed. Hence the one-loop radiative generation of

M! is possible, as depicted in Fig. 1. This diagram was

discussed in Ref. [3], but without recognizing the crucial

role of the exact Z2 symmetry being considered here.

The immediate consequence of the exact Z2 symmetry

of this model is the appearance of a lightest stable particle

(LSP). This can be either bosonic, i.e. the lighter of the two

mass eigenstates of Re"0 and Im"0 , or fermionic, i.e. the

lightest mass eigenstate of N1;2;3. The latter possibility was

first proposed in a different model [5], where neutrino

masses are radiatively generated in three loops with the

addition of two charged scalar singlets.

FIG. 1. One-loop generation of neutrino mass.
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First and simplest scotogenic model: 
 

SM + scalar doublet + 3 fermionic singlets

Models with radiative neutrino masses and viable dark mattercandidates
Diego Restrepo⇤, Oscar Zapata†,

Instituto de F́ısica, Universidad de Antioquia,
Calle 70 No. 52-21, Medelĺın, Colombia

Carlos E. Yaguna‡Institut für Theoretische Physik, Universität Münster,

Wilhelm-Klemm-Straße 9, D-48149 Münster, Germany
October 14, 2013

Abstract
We provide a list of particle physics models at the TeV-scale that are compatible with

neutrino masses and dark matter. In these models, the Standard Model particle content is

extended with a small number ( 4) of scalar and fermion fields transforming as singlets,

doublets or triplets under SU(2), and neutrino masses are generated radiatively via 1-loop

diagrams. The dark matter candidates are stabilized by a Z2 symmetry and are in general

mixtures of the neutral components of such new multiplets. We describe the particle content

of each of these models and determine the conditions under which they are consistent with

current data. We find a total of 35 viable models, most of which have not been previously

studied in the literature. There is a great potential to test these models at the LHC not

only due to the TeV-scale masses of the new fields but also because about half of the viable

models contain particles with exotic electric charges, which give rise to background-free

signals. Our results should serve as a first step for detailed analysis of models that can

simultaneously account for dark matter and neutrino masses.1 Introduction
The evidence for physics beyond the Standard Model rests on two pillars: neutrino masses

and dark matter, both solidly supported by the experimental data. Cosmological observations

show that about 25% of the energy-density of the Universe consists of a new form of matter

usually called dark matter [1, 2]. The elementary particle responsible for it should be neutral

and stable and, to be consistent with structure formation, it must behave as cold dark matter.

⇤restrepo@udea.edu.co†ozapata@fisica.udea.edu.co
‡carlos.yaguna@uni-muenster.de
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A singlet-doublet model (T1-2A)

 1  2 F � S

SU(2)L 2 2 1 2 1

U(1)Y @R R y R y

h�#H2 R, �//BiBQM�H }2H/ +QMi2Mi Q7 i?2 KQ/2H hR@k�X

�i i?2 QM2 HQQT H2p2H �b r2HH �b i?2 bi�#BHBiv Q7 i?2 /�`F K�ii2` +�M/B/�i2X �HH bi�M/�`/
KQ/2Hb }2H/b �`2 2p2M mM/2` i?2 KB``Q` bvKK2i`vX h?2 �//BiBQM�H }2H/ +QMi2Mi BM+Hm/BM;
i?2B` `2bT2+iBp2 `2T`2b2Mi�iBQMb mM/2` SU(2)L⇥U(1)Y Bb bmKK�`Bx2/ BM h�#H2 RX �++Q`/BM;
iQ i?2 +H�bbB}+�iBQM Q7 _27X (d)- i?Bb bT2+B}+ b+QiQ;2MB+ KQ/2H Bb H�#2HH2/ ǳhR@k�Ǵ- r?2`2
i?2 ǳhRǴ `272`b iQ XXX- r?BH2 i?2 ǳk�Ǵ XXX h?2 ǳhR@kǴ iQTQHQ;v +Q``2bTQM/b iQ i?2 �//BiBQM
Q7 irQ 72`KBQMb �M/ irQ b+�H�`bX h?2 ǳ�Ǵ K2�Mb i?�i i?2 KQ/2H Bb #mBHi rBi? irQ bBM;H2ib-
QM2 72`KBQMB+ �M/ QM2 b+�H�`- �M/ irQ /Qm#H2ib- �HbQ QM2 72`KBQMB+ �M/ QM2 7`QK i?2 b+�H�`
}2H/X

� _2+�HH r?v i?2 KQ/2H Bb /m##2/ ǴhR@k�Ǵ- b22 _27X (d)XXX

AM i?Bb a2+iBQM- r2 rBHH #`B2~v BMi`Q/m+2 i?2 /Bz2`2Mi b2+iQ`b- T`2b2Mi i?2 +Q``2bTQM/BM;
G�;`�M;B�M- �M/ b2i i?2 MQi�iBQMX

kXR h?2 b+�H�` b2+iQ`
h?2 b+�H�` b2+iQ` Q7 i?2 KQ/2H +QMbBbib Q7 i?2 ai�M/�`/ JQ/2H >B;;b /Qm#H2i H- i?2 �/@
/BiBQM�H bBM;H2i S- �M/ i?2 �//BiBQM�H /Qm#H2i �X h?2v +�``v +?�`;2b �b ;Bp2M BM h�#H2
RX lTQM 2H2+i`Qr2�F bvKK2i`v #`2�FBM;- i?2 /Qm#H2ib +�M #2 2tT�M/2/ BMiQ +QKTQM2Mib
�++Q`/BM; iQ

H =

 
G+

1p
2

⇥
v + h0 + iG0

⇤
!
, � =

 
�+

1p
2

⇥
�0 + iA0

⇤
!

. UkXRV

>2`2- h0 Bb i?2 ai�M/�`/@JQ/2H >B;;b #QbQM- G0 �M/ G+ �`2 i?2 :QH/biQM2 #QbQMb- �M/
v =

p
2hHi ⇡ 246 :2o /2MQi2b i?2 p�+mmK 2tT2+i�iBQM p�Hm2X JQ`2Qp2`- �0 �M/ A0 �`2

CP @2p2M �M/ CP @Q// M2mi`�H b+�H�`b- �M/ �+ Bb � +?�`;2/ b+�H�`X LQi2 i?�i i?2 �//BiBQM�H
b+�H�`b �`2 MQi >B;;b #QbQMb BM i?2 b2Mb2 Q7 bvKK2i`v #`2�FBM;- r2 b?�HH `272` iQ i?2K
bBKTHv �b b+�H�`b i?`Qm;?Qmi i?2 T`2b2Mi T�T2`X

h?2 b+�H�` TQi2MiB�H Q7 i?2 KQ/2H Bb ;Bp2M #v

�Lscalar = µ2
H

��H
��2 + �H

��H
��4 + 1

2
µ2
SS

2 + �4SS
4 + µ2

�

���
��2 + �4�

���
��4 + 1

2
�SS

2
��H
��2

+ ��

���
��2��H

��2 + �0
�

��H�†��2 + 1

2
�00
�

n�
H�†�2 + h.c.

o
+ T

n
SH�† + h.c.

o
.

UkXkV

h?2 }`bi irQ i2`Kb �`2 i?2 mbm�H ai�M/�`/ JQ/2H T�`i `2H�i2/ iQ i?2 >B;;b /Qm#H2i H-
rBi? i?2 K�bb T�`�K2i2` µ2

H �M/ i?2 >B;;b b2H7@+QmTHBM; �H X �7i2` 2H2+i`Qr2�F bvKK2i`v
#`2�FBM;- �i i?2 i`22@H2p2H- i?2 mbm�H KBMBKBx�iBQM `2H�iBQM BM i?2 >B;;b b2+iQ`-

m2
h0 = � 2µ2

H = 2�Hv2 , UkXjV

Ĝ j Ĝ

fermionic doublet 
+ singlet

scalar doublet + singlet

−ℒscalar = μ2
H H

2
+λH H

4
+

1
2

μ2
SS2+λ4SS4+μ2

Φ Φ
2
+λ4Φ Φ

4
+

1
2

λSS2 H
2

+λΦ Φ
2

H
2
+λ′￼Φ HΦ†

2
+

1
2

λ′￼′￼Φ{(HΦ†)2 + h . c . }+T{SHΦ† + h . c . }

−ℒfermion =
1
2

MFF2+MΨΨ1Ψ2+y1Ψ1HF+y2Ψ2HF + h . c .

−ℒint = gi
ΨΨ2LiS+gi

FΦLiF+gi
RL c

RiΦ
†Ψ1

23 parameters in model Lagrangian — need for an efficient parameter space study…
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The model T1-2A — scalar sector

H =
G+

1

2
[v + h0 + iG0] Φ =

ϕ+

1

2
[ϕ0 + iA0] S

ℳ2
ϕ =

μ2
S + 1

2 v2λS vT

vT μ2
Φ + 1

2 v2λL

(ϕ0
1

ϕ0
2) = Uϕ ( S

ϕ0)

Higgs boson + 2 neutral scalars + 1 pseudoscalar + 1 charged scalar

— mixing between singlet and doublet (for the neutral scalars)

— one-loop corrections to the masses amount typically to up to about 10 percent

6B;m`2 k, G27i, >BbiQ;`�K b?QrBM; i?2 `2H�iBp2 BKT�+i Q7 i?2 ?B;?2`@Q`/2` +Q``2+iBQMb iQ
i?2 >B;;b@#QbQM K�bbX _B;?i, _2bmHiBM; /Bbi`B#miBQM Q7 i?2 i`22@H2p2H T�`�K2i2` �H r?2M
BKTQbBM; i?2 K2�bm`2/ >B;;b@#QbQM K�bbX "Qi? /Bbi`B#miBQMb �`2 #�b2/ QM � b�KTH2 Q7
�#Qmi 3yXyyy T?2MQK2MQHQ;B+�HHv pB�#H2 T�`�K2i2` TQBMibX

6B;m`2 j, >BbiQ;`�Kb b?QrBM; i?2 `2H�iBp2 BKT�+i Q7 i?2 ?B;?2`@Q`/2` +Q``2+iBQMb 7Q` i?2
HB;?i2` b+�H�` Um�0

1
- H27iV �M/ i?2 Tb2m/Q@b+�H�` Um0

A
- `B;?iV Q#i�BM2/ 7Q` i?2 b�K2 T�`�K2i2`

b�KTH2 �b BM 6B;X kX

i?�M 7Q` i?2 >B;;b@#QbQM /Bb+mbb2/ �#Qp2X >2`2- ivTB+�H +Q``2+iBQMb �`2 Q7 i?2 Q`/2` Q7 �
72r :2o BM KQbi +�b2b- +Q``2bTQM/BM; iQ � `2H�iBp2 +Q``2+iBQM Q7 mT iQ �#Qmi RyWX h?2
+Q``2+iBQMb �`2 Q7 i?2 b�K2 Q`/2` 7Q` i?2 ?2�pB2` b+�H�` �0

2X

Pp2`�HH- i?2 +Q``2+iBQMb BM i?Bb b2+iQ` �`2 bBKBH�` iQ i?Qb2 BM irQ@>B;;b /Qm#H2i KQ/2Hb-
bm+? �b i?2 AM2`i .Qm#H2i JQ/2H (jjĜje)- i?2 �//BiBQM�H bBM;H2i bi�i2 /Q2b MQi �z2+i i?2
+Q``2+iBQMb BM � bB;MB}+�Mi r�vX

Ĝ d Ĝ

mNLO
ϕ0

1
− mLO

ϕ0
1

mLO
ϕ0

1
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The model T1-2A — fermion sector

ℳχ =
MF vy1 vy2

y1 0 MΨ

y2 MΨ 0

χ0
1

χ0
2

χ0
3

= Uχ

F
Ψ1

Ψ2

3 neutral Majorana fermions + 1 charged fermion

— mixing between singlet and doublet (for the neutral fermion)

— one-loop corrections to the masses amount typically to a few percent

Ψ1 = (Ψ0
1

Ψ−
1 ) Ψ2 = (

−(Ψ−
2 )†

(Ψ0
2)† ) F

6B;m`2 9, >BbiQ;`�K b?QrBM; i?2 `2H�iBp2 BKT�+i Q7 i?2 ?B;?2`@Q`/2` +Q``2+iBQMb 7Q` i?2
HB;?i2bi Um

�
0
1
- H27iV �M/ i?2 b2+QM/@HB;?i2bi Um

�
0
2
- `B;?iV 72`KBQMb Q#i�BM2/ 7Q` i?2 b�K2

T�`�K2i2` b�KTH2 �b BM 6B;X kX

jXk 62`KBQM K�bb2b
AM i?2 72`KBQM b2+iQ`- i?2 bBM;H2i F rBHH KBt rBi? i?2 M2mi`�H /Qm#H2i +QKTQM2Mib  1 �M/
 2X �i i?2 i`22@H2p2H- BM i?2 #�bBb

�
F, 0

1, 
0†
2

 
- i?2 +Q``2bTQM/BM; K�bb K�i`Bt Bb ;Bp2M #v

M�0 =

0

B@
MF

vp
2
y1

vp
2
y2

vp
2
y1 0 M 

vp
2
y2 M 0

1

CA =

0

B@
MF

vyp
2
cos ✓ vyp

2
sin ✓

vyp
2
cos ✓ 0 M 

vyp
2
sin ✓ M 0

1

CA . UjX8V

h?2 `2bmHiBM; T?vbB+�H K�bb 2B;2Mbi�i2b �`2 /2MQi2/ �0
1- �0

2- �M/ �0
3X h?2 �bbQ+B�i2/

KBtBM; K�i`Bt Bb /2}M2/ �++Q`/BM; iQ
�
�0
1,�

0
2,�

0
3

�
= U�

�
F, 0

1, 
0
2

�
, UjXeV

Q`/2`2/ #v /2}MBiBQM bm+? i?�i m
�
0
1
< m

�
0
2
< m

�
0
3
X

�b 7Q` i?2 b+�H�` K�bb2b- r2 �M�Hvb2 i?2 BKT�+i Q7 i?2 QM2@HQQT +Q``2+iBQMb BM+Hm/2/ BM
aS?2MQ #v +QKT�`BM; iQ i?2 i`22@H2p2H `2bmHib 7Q` i?2 72`KBQM K�bb2bX q2 b?Qr i?2 2t�KTH2
Q7 i?2 HB;?i2bi �M/ i?2 b2+QM/@HB;?i2bi 72`KBQM bi�i2 BM 6B;X 9X hvTB+�HHv- i?2 +Q``2+iBQM iQ
i?2 HB;?i2` K�bb Bb Q7 i?2 b�K2 Q`/2` �b 7Q` i?2 M2r b+�H�`b /Bb+mbb2/ �#Qp2- i?2 +Q``2+iBQMb
MQi 2t+22/BM; �#Qmi kW 7Q` � H�`;2 K�DQ`Biv Q7 TQBMibX h?2 +Q``2+iBQM `2+2Bp2/ #v i?2
b2+QM/@HB;?i2bi bi�i2 Bb bHB;?iHv H2bb BKTQ`i�MiX h?2 BKT�+i QM i?2 ?2�pB2bi 72`KBQM K�bb
UMQi b?QrM BM 6B;X 9V Bb bBKBH�` iQ i?2 QM2 QM i?2 b2+QM/ bi�i2X

G2i mb MQi2 i?�i- �Hi?Qm;? i?2 �#bQHmi2 BKT�+i Q7 i?2 QM2@HQQT +Q``2+iBQMb im`Mb Qmi iQ
#2 MmK2`B+�HHv bK�HH- Bi K�v ?�p2 � bB;MB}+�iBQM BKT�+i r?2M +QMbB/2`BM; +Q@�MMB?BH�iBQMb
BM i?2 +QMi2ti Q7 +QKTmiBM; i?2 /�`F K�ii2` `2HB+ /2MbBivX h?2 +QMi`B#miBQMb 7`QK +Q@
�MMB?BH�iBQM �`2 2ti`2K2Hv b2MbBiBp2 iQ K�bb /Bz2`2M+2b- r?B+? K�v #2 �z2+i2/ #v i?2
T`2b2Mi2/ QM2@HQQT +Q``2+iBQMbX

jXj L2mi`BMQ K�bb2b
�7i2` 2H2+i`Qr2�F bvKK2i`v #`2�FBM;- i?2 M2mi`BMQ K�bb2b `2+2Bp2 +QMi`B#miBQMb 7`QK i?2
i?`22 M2mi`�H J�DQ`�M� 72`KBQMb �0

1- �0
2- �M/ �0

3 iQ;2i?2` rBi? i?2 M2mi`�H b+�H�`b �0
1- �0

2-

Ĝ 3 Ĝ

mNLO
χ0

1
− mLO

χ0
1

mLO
χ0

1
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Neutrino masses and coupling parameters

νi νj

ϕ0
n

χ0
k

νi νj

ϕ0
n

χ0
k

νi νj

ϕ0
n

χ0
k

gi
F gj

F gi
F gj

Ψ gi
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The model T1-2A — recap
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>2`2- D⌫ Bb � /B�;QM�H K�i`Bt +QMi�BMBM; i?2 M2mi`BMQ K�bb 2B;2Mp�Hm2b �M/ UPMNS Bb
i?2 SJLa K�i`BtX h?2 K�i`B+2b DL �M/ UL `2H�i2 iQ i?2 HQQT BMi2;`�Hb 2p�Hm�i2/ BM
i?2 K�bb 2B;2M#�bBb Ub22 6B;X 8V �M/ /2T2M/ QM i?2 T�`�K2i2`b `2H�i2/ iQ i?2 b+�H�` �M/
72`KBQM b2+iQ`bX � /2i�BH2/ /Bb+mbbBQM Q7 i?2 M2mi`BMQ K�bb K�i`Bt �M/ i?2 *�b�b@A#�``�
T�`�K2i`Bx�iBQM BM i?2 KQ/2H mM/2` +QMbB/2`�iBQM Bb ;Bp2M BM �TTbX � �M/ "X

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i 1[X UjXRyV Bb #�b2/ QM i`22@H2p2H `2H�iBQMbX AM T�`iB+mH�`-
i?2 /B�;QM�HBx�iBQM Q7 i?2 b+�H�` �M/ 72`KBQM b2+iQ`b 2Mi2`BM; i?2 K�i`B+2b DL �M/ UL Bb

Ĝ N Ĝ

S�`�K2i2` AMi2`p�H

�m2
12 [7.0; 7.84] · 10�23

m⌫2 [8.367; 8.854] · 10�12

�m2
13 [2.47; 2.57] · 10�21

m⌫3 [4.96; 5.07] · 10�11

S�`�K2i2` AMi2`p�H

✓12 [31.90; 34.98]

✓13 [8.33; 8.81]

✓23 [46.8; 51.6]

�CP [143; 251]

h�#H2 k, AMi2`p�Hb �i i?2 XXXW +QM}/2M+2 H2p2H 7Q` i?2 M2mi`BMQ K�bb2b �M/ KBtBM; T�`�K2@
i2`b 2ti`�+i2/ 7`QK ;HQ#�H }ib Q7 2tT2`BK2Mi�H M2mi`BMQ /�i� (keĜk3)X h?2 M2mi`BMQ K�bb2b
�`2 ;Bp2M BM :2o- i?2 �M;H2b �M/ T?�b2b 2Mi2`BM; i?2 SJLa K�i`Bt �`2 ;Bp2M BM /2;`22bX

AM i?2 #�bBb r?2`2 i?2 +?�`;2/ H2TiQM umF�r� K�i`Bt Bb /B�;QM�H- i?2 KBtBM; K�i`Bt
U⌫ BM 1[X UjX3V Bb B/2MiB}2/ rBi? i?2 SQMi2+Q`pQ@J�FB@L�F�;�r�@a�F�i� USJLaV K�i`Bt
(k9- k8)X h?2 H�ii2` +�M #2 2tT`2bb2/ �b i?2 T`Q/m+i

UPMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e�i�CP

0 1 0

�s13ei�CP 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA

0

B@
1 0 0

0 ei↵1 0

0 0 ei↵2

1

CA , UjXNV

r?2`2 ✓12- ✓13- �M/ ✓23 �`2 i?2 i?`22 M2mi`BMQ KBtBM; �M;H2b- �CP Bb i?2 CP @pBQH�iBM; .B`�+
T?�b2- �M/ ↵1,2 �`2 irQ CP @pBQH�iBM; J�DQ`�M� T?�b2bX 1tT2`BK2Mi�H /�i�- K�BMHv 7`QK
M2mi`BMQ Qb+BHH�iBQM K2�bm`2K2Mib- ;Bp2b �++2bb iQ i?2 /Bz2`2M+2b Q7 i?2 M2mi`BMQ K�bb2b
b[m�`2/ �b r2HH �b iQ i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2 (keĜk3)X aBM+2 BM i?2 T`2b2Mi
+�b2- i?2 HB;?i2bi M2mi`BMQ `2K�BMb K�bbH2bb- i?2 2ti`�+i2/ K�bb b[m�`2/ /Bz2`2M+2b /B`2+iHv
i`�MbH�i2 BMiQ BMi2`p�Hb 7Q` i?2 irQ `2K�BMBM; K�bb2b �b ;Bp2M BM h�#X kX q2 �HbQ b?Qr i?2
BMi2`p�Hb 7Q` i?2 KBtBM; �M;H2b �M/ i?2 .B`�+ T?�b2X LQi2 i?�i i?2 J�DQ`�M� T?�b2b `2K�BM
mM+QMbi`�BM2/ #v T`2b2Mi /�i�X

� aQ`i Qmi Lm@6Bi `272`2M+2b (keĜk3) BM h�#H2 kX lb2 QMHv i?2 H�i2bi QM2 (k3)\ .Q r2 M22/
i?2 Qi?2` QM2b\
*QKTH2i2 +QM}/2M+2 H2p2H BM h�#H2 kX

6QHHQrBM; i?2 *�b�b@A#�``� T�`�K2i`Bx�iBQM (kN)- i?2 +QmTHBM;b gF �M/ g - r?B+? �`2
`2bTQMbB#H2 7Q` i?2 ;2M2`�iBQM Q7 i?2 M2mi`BMQ K�bb2b- �`2 `2H�i2/ iQ i?2 T�`�K2i2`b 2Mi2`BM;
1[X UjX3V i?`Qm;?

G = ULD�1/2
L RD1/2

⌫ U⇤
PMNS . UjXRyV

>2`2- D⌫ Bb � /B�;QM�H K�i`Bt +QMi�BMBM; i?2 M2mi`BMQ K�bb 2B;2Mp�Hm2b �M/ UPMNS Bb
i?2 SJLa K�i`BtX h?2 K�i`B+2b DL �M/ UL `2H�i2 iQ i?2 HQQT BMi2;`�Hb 2p�Hm�i2/ BM
i?2 K�bb 2B;2M#�bBb Ub22 6B;X 8V �M/ /2T2M/ QM i?2 T�`�K2i2`b `2H�i2/ iQ i?2 b+�H�` �M/
72`KBQM b2+iQ`bX � /2i�BH2/ /Bb+mbbBQM Q7 i?2 M2mi`BMQ K�bb K�i`Bt �M/ i?2 *�b�b@A#�``�
T�`�K2i`Bx�iBQM BM i?2 KQ/2H mM/2` +QMbB/2`�iBQM Bb ;Bp2M BM �TTbX � �M/ "X

Ai Bb BKTQ`i�Mi iQ MQi2 i?�i 1[X UjXRyV Bb #�b2/ QM i`22@H2p2H `2H�iBQMbX AM T�`iB+mH�`-
i?2 /B�;QM�HBx�iBQM Q7 i?2 b+�H�` �M/ 72`KBQM b2+iQ`b 2Mi2`BM; i?2 K�i`B+2b DL �M/ UL Bb

Ĝ N Ĝ
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Parameters and constraints

μ e
ϕ−

χ0
k

gi
F,Ψ,R gj

F,Ψ,R

γ

μ e

ϕ0
n , A0

χ±

γ

gi
F,Ψ,R gj

F,Ψ,R

+ 2 “bubble” diagrams

μ → eγ Dark matter direct detection

h0

ϕ0
1

q

ϕ0
1

q
h0

χ0
1

q

χ0
1

q
Z0

15

Dark matter annihilation

SM

SM

χ0
1

χ0
1

Z0 SM

SM

χ0
1

χ0
1

ϕ0
1,2

gi
F,Ψ,R

gj
F,Ψ,R

+ 2 similar diagrams for scalar dark matter
+ co-annihilation diagrams

h0



Parameters and constraints

P#b2`p�#H2 *QMbi`�BMi

mH 125.0± 3.0 :2o

⌦CDMh2 0.1198± 0.0042

"_Uµ� ! e��V < 4.2 · 10�13

"_U⌧� ! e��V < 3.3 · 10�8

"_U⌧� ! µ��V < 4.4 · 10�8

"_Uµ� ! e�e+e�V < 1.0 · 10�12

"_U⌧� ! e�e+e�V < 2.7 · 10�8

"_U⌧� ! µ�µ+µ�V < 2.1 · 10�8

"_U⌧� ! µ+e�e�V < 1.5 · 10�8

"_U⌧� ! µ�e+e�V < 2.1 · 10�8

"_U⌧� ! e+µ�µ�V < 1.7 · 10�8

"_U⌧� ! e�µ+µ�V < 2.7 · 10�8

P#b2`p�#H2 *QMbi`�BMi

"_UZ0 ! e±µ⌥V < 7.5 · 10�7

"_UZ0 ! e±⌧⌥V < 9.8 · 10�6

"_UZ0 ! µ±⌧⌥V < 1.2 · 10�5

"_U⌧� ! e�⇡0V < 8.0 · 10�8

"_U⌧� ! µ�⇡0V < 1.1 · 10�7

"_U⌧� ! e�⌘V < 9.3 · 10�8

"_U⌧� ! e�⌘0V < 1.6 · 10�7

"_U⌧� ! µ�⌘V < 6.5 · 10�8

"_U⌧� ! µ�⌘0V < 1.3 · 10�7

CRµ!eUhBV < 4.3 · 10�12

CRµ!eUS#V < 4.6 · 10�11

CRµ!eU�mV < 7.0 · 10�13

h�#H2 9, *QMbi`�BMib bi2KKBM; 7`QK >B;;b K�bb K2�bm`2K2Mi (\ )- /�`F K�ii2` `2HB+
/2MbBiv (9y)- �b r2HH �b ~�pQm` �M/ HQr@2M2`;v T`2+BbBQM /�i� (\ )X AM Qm` b2imT- BMi2`p�Hb
�`2 BKTH2K2Mi2/ mbBM; � :�mbbB�M 7mM+iBQM �i i?2 XXX +QM}/2M+2 H2p2H- r?BH2 mTT2` HBKBib
�`2 BKTH2K2Mi2/ rBi? � bBM;H2@bB/2/ :�mbbB�M �HHQrBM; 7Q` � RyW mM+2`i�BMiv �i i?2 XXX
H2p2HX

H2p2H �M/- B7 �p�BH�#H2- i?2 i?2Q`2iB+�H mM+2`i�BMivX h?2b2 BM/BpB/m�H HBF2HB?QQ/b �`2 i?2M
KmHiBTHB2/ iQ Q#i�BM i?2 Qp2`�HH HBF2HB?QQ/ �bbQ+B�i2/ iQ i?2 T�`�K2i2` TQBMiX

� *QKTH2i2 `272`2M+2b BM h�#X 9X
6BM�HHv- +QKTH2i2 +QM}/2M+2 H2p2Hb BM +�TiBQMX q?�i Bb i?2 2t�+i mH +QMbi`�BMi\

h?2 7QHHQrBM; bm#b2+iBQMb T`QpB/2 � KQ`2 /2i�BH2/ /Bb+mbbBQM Q7 i?2 b2i Q7 +?Qb2M BMTmi
T�`�K2i2`b �b r2HH �b i?2 �TTHB2/ +QMbi`�BMibX

� *?2+F �M/ K2MiBQM +QMp2`;2M+2 +`Bi2`B� ¨ H� :2HK�M@_m#BM- b22 _27X (9R)\

9Xj AMTmi T�`�K2i2`b

PM2 T�`�K2i2` Q7 i?2 b+�H�` b2+iQ` Bb `2H�i2/ iQ i?2 ai�M/�`/ JQ/2H >B;;b /Qm#H2i- M�K2Hv
i?2 +QmTHBM; �H X �Hi?Qm;? i?2 K�bb Q7 i?2 T?vbB+�H >B;;b #QbQM Bb 2tT2`BK2Mi�HHv }t2/-
r2 p�`v i?Bb T�`�K2i2`- bBM+2 �i i?2 QM2@HQQT H2p2H +QMi`B#miBQMb BM+Hm/BM; i?2 �//BiBQM�H
}2H/b K�v �Hi2` i?2 >B;;b K�bbX

h?2 �//BiBQM�H b+�H�`b �`2 T�`�K2i`Bx2/ #v i?2 K�bb T�`�K2i2`b M2
S �M/ M2

� 7Q` i?2
bBM;H2i �M/ /Qm#H2i- `2bT2+iBp2Hv- �M/ i?2 [m�`iB+ +QmTHBM;b �S - �4S - �4�- �0

�- �M/ �00
�X h?Bb

b2+iQ` Bb +QKTH2i2/ #v i?2 i`BHBM2�` +QmTHBM; T�`�K2i2` T X

Ĝ Rj Ĝ

+
 d

ar
k 

m
at

te
r 

di
re

ct
 d

et
ec

tio
n 

lim
its

Numerical evaluation — SARAH + SPheno    Staub, Porod, Goodsell (2003-2024) 

                                — micrOMEGAs    Bélanger, Boudjema, Pukhov, Semenov et al. (2004-2024)
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Parameter space exploration

23 free parameters in model Lagrangian + numerous constraints  

— need for an efficient algorithm… — Markov Chain Monte Carlo


ℒn = Πiℒi
n = Πjℒj

n Πkℒk
n

n

n + 1

intervals upper limits

e.g. , mh ΩCDMh2 e.g. , DDμ → eγ

ℒn+1 ℒn> accept new point 
(and iterate…)

accept new point with probability ℒn+1/ℒn

✓

✗

?

17



ΩCDMh2

MCMC — Constraints…

mh0 [GeV]

mϕ0
1

[GeV] g1
R

                                         and predictions

MCMC study
with a total of

~80 000 points
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6B;m`2 d, .Bbi`B#miBQM Q7 i?2 �#bQHmi2 p�Hm2b Q7 i?2 +QmTHBM; T�`�K2i2`b gi
F

�M/ gi 
Ui = e, µ, ⌧V Q#i�BM2/ 7`QK i?2 J�`FQp *?�BM JQMi2 *�`HQ �M�HvbBbX

8 _2bmHib

AM i?Bb a2+iBQM- r2 rBHH T`2b2Mi i?2 K�BM `2bmHib 7`QK Qm` J�`FQp *?�BM JQMi2 *�`HQ
bim/B2b T`2b2Mi2/ BM a2+X 9X �7i2` � /Bb+mbbBQM Q7 i?2 +QmTHBM;b �M/ i?2 +QMbi`�BMib 7`QK
i?2 H2TiQM �M/ M2mi`BMQ b2+iQ`b- r2 rBHH BM T�`iB+mH�` 7Q+mb QM i?2 `2bmHiBM; /�`F K�ii2`
T?2MQK2MQHQ;vX

8XR *QmTHBM;b- M2mi`BMQ K�bb2b- �M/ H2TiQM ~�pQm` pBQH�iBQM
h?2 +QmTHBM;b gF �M/ g �`2 bi`QM;Hv `2H�i2/ iQ i?2 K2�bm`2/ M2mi`BMQ K�bb2b �M/ KBtBM;
T�`�K2i2`b i?`Qm;? 1[X UjXRyVX h?2 Q#i�BM2/ /Bbi`B#miBQMb Q7 i?2 �#bQHmi2 p�Hm2b �`2
b?QrM BM 6B;X dX �b +�M #2 b22M- i?2 +QmTHBM;b �`2 +QMbi`�BM2/ iQ #2 `�i?2` bK�HH �M/
+�MMQi 2t+22/ �#Qmi 10�3X *QMb2[m2MiHv- i?2 +QmTHBM;b gF �M/ g +�MMQi #2 2tT2+i2/
iQ +QMi`B#mi2 bB;MB}+�MiHv iQ H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b bm+? �b µ ! e� �M/ Qi?2`
/2+�vbX AM Qi?2` rQ`/b- i?2 H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b ?�p2 �HKQbi MQ BKT�+i QM
i?2 pB�#H2 p�Hm2b Q7 i?2 +QmTHBM;b gF �M/ g X

�b +QKTH2K2Mi�`v BM7Q`K�iBQM- r2 +QKTmi2 i?2 ;2QK2i`B+�H K2�M p�Hm2 Q7 i?2 2H2@
K2Mib Q7 i?2 K�i`Bt G U`2;`QmTBM; i?2 +QmTHBM;b gF �M/ g - b22 1[X UkXdVV-

G =
�
geF gµ

F
g⌧F ge gµ g⌧ 

�1/6
. U8XRV

h?2 MmK2`B+�H p�Hm2b Q7 i?Bb T�`�K2i2` �`2 b?QrM BM 6B;X 3X q2 b22 i?�i i?2 ;2QK2i`B+�H
K2�M p�Hm2 Q7 i?2 +QmTHBM;b Bb `2H�iBp2Hv bi�#H2 T2�FBM; �`QmM/ G ⇡ 3.2 · 10�5X h?Bb p�Hm2
`2T`2b2Mib i?2 ivTB+�H Q`/2` Q7 K�;MBim/2 M22/2/ iQ K22i i?2 2tT2`BK2Mi�H +QMbi`�BMib 7`QK
i?2 M2mi`BMQ b2+iQ`X A7 QM2 2Mi`v Q7 i?2 K�i`Bt G Bb MmK2`B+�HHv H�`;2` UbK�HH2`V- Bi ?�b iQ
#2 +QKT2Mb�i2/ #v Qi?2` 2H2K2Mib r?B+? �`2 i?2M bK�HH2` UH�`;2`VX LQi2 i?�i i?2 rB/i? Q7
i?2 b?QrM /Bbi`B#miBQM Bb +�mb2/ #v i?2 7�+i i?�i r2 p�`v i?2 T�`�K2i2`b Q7 i?2 b+�H�` �M/
72`KBQM b2+iQ`b �TT2�`BM; BM i?2 K�i`Bt ML Q7 1[X UjXRyVX

G2i mb MQr /Bb+mbb i?2 +QmTHBM; gR- r?B+? Bb MQi `2H�i2/ iQ i?2 M2mi`BMQ b2+iQ`- #mi
+QMbi`�BM2/ 7`QK H2TiQM ~�pQm` /�i�X 6B;X N b?Qrb i?2 /Bbi`B#miBQMb i?�i r2 Q#i�BM 7Q` i?2
i?`22 BM/BpB/m�H +QmTHBM;b �7i2` BKTQbBM; i?2 +QMbi`�BMib BM Qm` J�`FQp *?�BM JQMi2 *�`HQ

Ĝ R8 Ĝ

Coupling parameters
| g

2 Ψ
|

|g1
Ψ |

Couplings  and  mainly bound by neutrino mass constraints
(via Casas-Ibarra parametrization)

gF gΨ

| g
3 Ψ

|

6B;m`2 d, .Bbi`B#miBQM Q7 i?2 �#bQHmi2 p�Hm2b Q7 i?2 +QmTHBM; T�`�K2i2`b gi
F

�M/ gi 
Ui = e, µ, ⌧V Q#i�BM2/ 7`QK i?2 J�`FQp *?�BM JQMi2 *�`HQ �M�HvbBbX

8 _2bmHib

AM i?Bb a2+iBQM- r2 rBHH T`2b2Mi i?2 K�BM `2bmHib 7`QK Qm` J�`FQp *?�BM JQMi2 *�`HQ
bim/B2b T`2b2Mi2/ BM a2+X 9X �7i2` � /Bb+mbbBQM Q7 i?2 +QmTHBM;b �M/ i?2 +QMbi`�BMib 7`QK
i?2 H2TiQM �M/ M2mi`BMQ b2+iQ`b- r2 rBHH BM T�`iB+mH�` 7Q+mb QM i?2 `2bmHiBM; /�`F K�ii2`
T?2MQK2MQHQ;vX

8XR *QmTHBM;b- M2mi`BMQ K�bb2b- �M/ H2TiQM ~�pQm` pBQH�iBQM
h?2 +QmTHBM;b gF �M/ g �`2 bi`QM;Hv `2H�i2/ iQ i?2 K2�bm`2/ M2mi`BMQ K�bb2b �M/ KBtBM;
T�`�K2i2`b i?`Qm;? 1[X UjXRyVX h?2 Q#i�BM2/ /Bbi`B#miBQMb Q7 i?2 �#bQHmi2 p�Hm2b �`2
b?QrM BM 6B;X dX �b +�M #2 b22M- i?2 +QmTHBM;b �`2 +QMbi`�BM2/ iQ #2 `�i?2` bK�HH �M/
+�MMQi 2t+22/ �#Qmi 10�3X *QMb2[m2MiHv- i?2 +QmTHBM;b gF �M/ g +�MMQi #2 2tT2+i2/
iQ +QMi`B#mi2 bB;MB}+�MiHv iQ H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b bm+? �b µ ! e� �M/ Qi?2`
/2+�vbX AM Qi?2` rQ`/b- i?2 H2TiQM@~�pQm` pBQH�iBM; T`Q+2bb2b ?�p2 �HKQbi MQ BKT�+i QM
i?2 pB�#H2 p�Hm2b Q7 i?2 +QmTHBM;b gF �M/ g X

�b +QKTH2K2Mi�`v BM7Q`K�iBQM- r2 +QKTmi2 i?2 ;2QK2i`B+�H K2�M p�Hm2 Q7 i?2 2H2@
K2Mib Q7 i?2 K�i`Bt G U`2;`QmTBM; i?2 +QmTHBM;b gF �M/ g - b22 1[X UkXdVV-

G =
�
geF gµ

F
g⌧F ge gµ g⌧ 

�1/6
. U8XRV

h?2 MmK2`B+�H p�Hm2b Q7 i?Bb T�`�K2i2` �`2 b?QrM BM 6B;X 3X q2 b22 i?�i i?2 ;2QK2i`B+�H
K2�M p�Hm2 Q7 i?2 +QmTHBM;b Bb `2H�iBp2Hv bi�#H2 T2�FBM; �`QmM/ G ⇡ 3.2 · 10�5X h?Bb p�Hm2
`2T`2b2Mib i?2 ivTB+�H Q`/2` Q7 K�;MBim/2 M22/2/ iQ K22i i?2 2tT2`BK2Mi�H +QMbi`�BMib 7`QK
i?2 M2mi`BMQ b2+iQ`X A7 QM2 2Mi`v Q7 i?2 K�i`Bt G Bb MmK2`B+�HHv H�`;2` UbK�HH2`V- Bi ?�b iQ
#2 +QKT2Mb�i2/ #v Qi?2` 2H2K2Mib r?B+? �`2 i?2M bK�HH2` UH�`;2`VX LQi2 i?�i i?2 rB/i? Q7
i?2 b?QrM /Bbi`B#miBQM Bb +�mb2/ #v i?2 7�+i i?�i r2 p�`v i?2 T�`�K2i2`b Q7 i?2 b+�H�` �M/
72`KBQM b2+iQ`b �TT2�`BM; BM i?2 K�i`Bt ML Q7 1[X UjXRyVX

G2i mb MQr /Bb+mbb i?2 +QmTHBM; gR- r?B+? Bb MQi `2H�i2/ iQ i?2 M2mi`BMQ b2+iQ`- #mi
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Coupling parameters

Couplings  constrained by lepton-flavour violating processes
(in particular )

gR
μ → eγ
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Lepton flavour violating decays
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Muon decays dominated by dipole contributions,  box contributions to  may be sizeableτ → 3μ
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⇥
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H
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 gj
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Li Fk  1 e
c

j

H
†

gi
Fk

gj
R

y⇤
1k

Figure 1: Dominant one-loop contributions to (g � 2) and charged LFV processes before

EWSB. Arrows indicate the flow of quantum numbers. Couplings are given for clarity, see

their explicit definitions in Sec. 2. A photon should be attached to the respective charged

components.

among the several independent contributions to the EM dipole operator. However, such a

scenario is not very appealing, as one should reproduce a di↵erence of more than five orders

of magnitude between the diagonal and o↵-diagonal components of the Wilson coe�cient cR
[28]. Another possibility is to assume certain flavour structures for the Yukawa couplings,

which suppress the o↵-diagonal components in favour of the diagonal [31].

Following the latter approach, we focus for simplicity on a region of the parameter

space where the first diagram in Fig. 1 dominates over the second, as the flavour structure

of the diagram is simpler having just two three-component Yukawa vectors involved. We

extend the usual Casas-Ibarra parameterisation by the following elements so that these

constraints can be easily fulfilled. To do so, we consider y1,2 to be small and push the

trilinear coupling ↵ to larger values, i.e. we suppress the mixing in the neutral fermion

sector, while enhancing the one in the neutral scalar sector. Note that, while gR is mainly

free, gF and g are constrained by the fit to neutrino oscillation data, see Eq. (2.21). This

means that changing y1,2 and ↵ not only directly modifies the dominant contributions

depicted in Fig. 1, but also indirectly suppresses gF and enhances g through the neutrino

fit. We are looking for a Yukawa matrix G featuring a coupling hierarchy as shown in

Fig. 2. Making use of the freedom on the components of gR as well as on the remaining

degrees of freedom in g , stemming from the rotation matrix R appearing in Eq. (2.21), we

fit the value of aBSM
µ while keeping the contributions to the lepton flavour violating decays

µ ! e� and ⌧ ! µ� under control.

In practice, for each point of our numerical scan, in the region of the parameter space

where y1,2 are small, we use the angles of the matrix R given in (2.23) to suppress the

dominant contribution to cLFV processes while enhancing the diagonal contribution asso-

ciated to (g�2)µ2. Ultimately, we fit the experimental value of the muon (g�2) within its

limits by solving for g2
R
. With this method, we obtain for each point the correct anomalous

2Actually, solving for two angles is su�cient, such that one angle is left as a free parameter and scanned

over for generality.

– 8 –

Figure 5: Results for the relevant cLFV decays with the current limits from MEG col-

laboration [30] and Belle [52, 53] (full lines) and expected sensitivities (dashed lines) from

MEGII [49], Mu3e [50] and Belle II [54]. The other decays not shown here lay below the

expected future bounds.

limits of charged LFV searches. This hierarchy is linked to that of gR, as both contribute

equally to these processes, see Appendix A. While both g2
 
and g2

R
have to be large to fit

(g� 2)µ, g1 and g1
R
must remain small to not exceed the current limit of BR(µ ! e�). On

the same grounds, g3
 
and g3

R
are similarly constrained by the upper limit on BR(⌧ ! µ�).

It is worth noting that the fit of (g � 2)µ links the components of gR and g with the

trilinear coupling ↵, as can be seen in Fig. 4 (right). As discussed in Sec. 3, the dominant

contribution to (g � 2)µ and charged LFV decays comes from the left diagram in Fig. 1,

proportional to ↵. For example, smaller values of ↵ imply larger values of g2
 

and g2
R

in

order to fit the anomalous magnetic moment (g � 2)µ, as can be seen in the upper corner

on the right panel of Fig. 4.

The perturbativity requirement for both the Yukawa couplings and ↵ sets then a lower

and upper limit on the trilinear coupling of roughly 30 GeV . ↵ . 4m
�
0
1
. Note, that the

upper bound is actually given for ↵/M� where M� is the average masses of the scalars

involved in this coupling.

5.2 Charged lepton flavour violating decays

Charged lepton flavour violating decays rank among the most stringent constraints for

neutrino mass models, as fitting the neutrino mixing angles, in general, requires non-

diagonal Yukawa matrices that connect also to the charged leptons and allow for transitions

between di↵erent lepton flavours. While the limits to the branching ratios of these processes

are already remarkable, especially for the limit on the decay µ ! e� from the MEG

collaboration [30], there is a renovate interest with new experiments expected to take place

in the near future, such as MEGII [49], Mu3e [50], or COMET [51], with an expected

improvement on the sensitivity of even four orders of magnitude for certain processes like

µ ! 3e, or Belle and Belle II for the tau decays [52–54].

– 13 –

Decay  on the edge of projected sensitivity,  decays  and  not reachable…τ → μee τ → eγ τ → 3e
Limits from conversion rates in nuclei competitive with LFV decays…
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Dark matter mass and nature
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mDM [GeV]

Constraints prefer fermionic dark matter 

with mχ0
1

∼ 1.0 − 1.2 TeV
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(Co)annihilation channels — fermionic dark matter

mDM = mχ0
1

[GeV]

Ω
χ0 1h2

χ0
2 , χ±

ϕ0
1 ϕ±

(mχ0
1

− M )/mχ0
1

χ0
1 ≈ F (singlet)

χ0
1 ≈ Ψ (doublet)

Dark matter fermion is mainly doublet-like

— relic density governed by co-annihilations with other fermions

— “correct” value achieved for mχ0

1
∼ 1 − 1.2 TeV

Random sample
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Direct detection
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Upcoming experiments will constrain mainly (doublet-like) scalar dark matter 

Fermionic dark matter (especially the doublet) difficult to constrain

— efficient co-annihilation around  allows for small couplingsmDM ∼ 1 − 1.2 TeV
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Comment on muon (g − 2)

Figure 2: Hierarchy of the Yukawa matrix G of Eq. (2.13) that generates the neutrino

masses. This hierarchy is realised for y1,2 small and solving for the angles defining the

rotation matrix R, such that (g � 2)µ is maximised while charged lepton flavour violating

decays are kept under control. See text for more details.

magnetic moment, while fulfilling the current limits for charged LFV decays.

We note that this is not the most general approach, as we are selecting a specific region

of the parameter space. However, given the complexity of the system, we were not able

to find a more general approach that could deliver results within a reasonable computing

time. Moreover, the parameter space discussed previously is also preferred for low-scale

leptogenesis, as we will show later in the paper.

4 Constraints and observables

In the spirit of the analysis presented in Ref. [20], we use an MCMC scan [32] based on

the Metropolis-Hastings algorithm [33, 34] to e�ciently scrutinise the parameter space of

the model in view of the numerous constraints presented above. This technique, especially

powerful for high-dimensional spaces, explores the parameter space iteratively, restricted

by a set of constraints through the computation of the likelihood. We refer the reader to

Ref. [20] for further details about the implementation of the MCMC.

In addition to implicitly satisfying the constraints from neutrino masses and the anoma-

lous magnetic moment of the muon (see above), we explicitly impose constraints coming

from various sectors, comprising dark matter, lepton flavour violating processes, and the

mass of the Higgs boson. All constraints are listed in Tab. 2 together with their associated

experimental limits, as well as applied uncertainties applied in our study. Note that for

the Higgs mass mH and the dark matter relic density ⌦CDMh2, the theory uncertainties3

[35–39] are larger than the experimental ones, and, consequently, we apply the theory

uncertainties. We also ensure that the lightest Z2-odd particle, is electrically neutral in

order to have a viable, stable DM candidate and to avoid stable charged relics, essentially

excluded in the mass range of
⇥
1, 105

⇤
GeV [40–43].

In total, our MCMC scan runs over 20 free parameters: Eight couplings in the scalar

potential, six Yukawa couplings, five masses, the lightest neutrino mass, and the uncon-

strained angle of the rotation matrix R, which is assumed to be real. The ranges of the

scalar and fermion mass parameters are chosen such, that they could be in principle in the

reach of high luminosity LHC. The exception is those for the singlet fermions for which we

3We estimate those on mH to be of similar size as those in supersymmetric models due to electroweak

corrections.
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Specific coupling hierarchy allows simultaneous accommodation of  and LFV constraints

— in practice: selecting angles of rotation matrix in Casas-Ibarra parametrization and fitting 

(g − 2)μ

gR

3 The anomalous magnetic moment of the muon

As mentioned in the introduction, a deviation persists between the SM prediction and

the experimental value of the anomalous magnetic moment of the muon, defined as aµ =

(g � 2)µ/2. The discrepancy amounts to a significance of 4.2�, and leads to the following

range for the new physics contribution to aµ [4],1

aBSM

µ = aexpµ � aSMµ =
�
251± 59

�
⇥ 10�11 . (3.1)

In general, every scotogenic-like model will contribute to the anomalous magnetic

moment of leptons at one-loop level. These contributions can be encoded in the e↵ective

electromagnetic (EM) dipole moment operator cij
R
¯̀
i�µ⌫PR`jFµ⌫ , coming from the operator

OeB ⌘ (L̄�µ⌫eR)HBµ⌫ before EWSB [27]. The diagonal part of the Wilson coe�cient cR
is related to (g � 2) and the electric dipole moment (EDM), and the o↵-diagonal part is

associated with charged lepton flavour violating (cLFV) processes [28]. For more details

see Appendix A.

The contribution to (g � 2)µ is generally suppressed by the muon mass. Moreover,

as the EM dipole operator connects the left- and right-handed parts of the leptons, while

neutrino mass models contain usually only couplings of BSM fields to the left-handed com-

ponents, such an operator will always be chirally suppressed. Consequently, new physics

explanations of (g � 2)µ are pushed towards low mass scales and large non-perturbative

couplings. A possible way out is to add new fields outside the neutrino mass mechanism,

that couple to µR, in order to enhance the contribution to (g � 2)µ and be able to fit

the anomaly within a phenomenologically reasonable parameter space [29]. Note that this

situation is realised in the T1-2-A model [18], and consequently its extension under con-

sideration here. In both models, there is a coupling gR of the lepton singlets to ⌘ and

 1, see Eq. (2.8). The latter two also participate in the generation of the neutrino mass

matrix. Note that in this way no extra BSM field is needed on top of those involved in the

neutrino mass mechanism to have a chirally enhanced contribution to (g � 2). The new

leading contributions to the anomalous magnetic moment are shown in Fig. 1.

We note for completeness, that in the original T1-2-A framework the coupling matrix

G, see Eq. (2.13), is a 2⇥ 3 matrix, where the relative sizes between the various entries are

fixed by the neutrino mixing angles up to one complex angle. An explanation of the muon

(g�2) in this model implies large couplings which in turn lead to too large flavour violating

decays of the leptons. In our extension of this model, we have more freedom allowing us

to circumvent this problem, as we will show in Sec. 5.2.

Both diagrams depicted in Fig. 1 also generate a sizeable contribution to strongly

constrained LFV processes in the charged sector, in particular µ ! e� with an upper limit

to its branching ratio of 4.2⇥10�13 from the MEG collaboration [30]. Although they seem

unavoidable, given that the o↵-diagonal part of the Yukawa matrix G is connected to the

neutrino mixing (see Eq. (2.21)) there are several strategies to get a sizeable contribution to

(g�2)µ while keeping charged LFV under control. For example, cancellations can be found

1We note here that the SM calculation is currently under discussion due to recent lattice results that

weaken the anomaly [24–26].
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T1-2A can in principle explain the observed deviation between SM prediction and measurement

NB:  The new degree of freedom allows to generate three non-zero neutrino masses
25
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— example “T1-2A+ ”:  introduce one extra fermionic singlet


(g − 2)μ

F2

ℒ ⊃ −
1
2

MijFiFj − MΨΨ1Ψ2 − y1iΨ1HFi − y2iΨ2HFi

−gk
ΨΨ2LkS − gFj

ϕLkFj − gk
Rec

k ηΨ1 + h . c .
(i = 1,2)
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Figure 13: Diagrams contributing to the CP asymmetry generated in the decays of Fi

(i = 1, 2). Upper row: diagrams that are similar to the ones obtained in the type-I seesaw

model. The arrows indicate the flow of lepton number. Note that another self-energy

diagram exists with the mass flip in the internal F and reversing the arrow of Lm ( ).

Lower row: Additional vertex diagrams contributing to the CP asymmetry generated

in the decays of the singlet fermions Fi. These diagrams in the lower row feature the

couplings gi
R

(left) and gi
 

and the trilinear coupling ↵ (right) which plays an important

role in contributing to (g � 2)µ, as discussed in Sec. 3.

Figure 14: Left: resulting baryon-to-photon ratio ⌘B plotted against the mass of the

lighter singlet fermion driving leptogenesis. The solid grey line denotes the observed value

of ⌘B from Planck. The CP asymmetry generated in the decays of the singlet fermion is

indicated by the hue. Right: Decay parameter K1 of the lighter singlet fermion versus the

absolute value of the trilinear coupling ↵. The value of ⌘B is indicated by the hue. The

points in red are within the grey band on the plot to the right.
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 Observed baryon asymmetry can be explained for a narrow region of parameter space
 Fermionic doublet dark matter seems preferred in this context

→
→
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A singlet-doublet-triplet model (T1-2G)

 1  2 ⌃1 ⌃2 ⌘ S

SU(2)L 2 2 3 3 2 1

U(1)Y -1 1 0 0 1 0

Table 1: The additional fields of the so-called ”T1-2G” scotogenic model.

of muon into electron into nuclei, and the ones coming from cosmological physics will put

strong restrictions in our parameter space.

In the present paper, we focus on the “T1-2G” topology [13], where the Standard

Model is extended by a scalar singlet, a scalar doublet, a fermionic doublet and two gen-

erations of a fermionic triplet. This setup provides three possible viable candidates for

dark matter, while generating three non-zero neutrino masses. CP -violation in the lepton

sector is included through two Majorana phases in the Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix [14, 15]. We make use of a Markov Chain Monte Carlo [16–18] algorithm to

e�ciently confront the parameter space to the experimental constraints in order to obtain

the viable regions of parameter space.

The present analysis is an extension of and complementary to the finding presented in

Refs. [11, 12]. Ref. [11] is based on the somewhat simpler “T1-2A” topology, featuring a

singlet and a doublet in the fermion sector. This topology only allows for the generation

of two non-zero neutrino masses. In order to obtain a third non-vanishing mass, additional

degrees of freedom are required, and the “T1-2A” framework need to be extended further.

While the analysis of Ref. [12] includes an additional fermionic singlet, in the present study

we replace the fermionic singlet by two generations of a fermionic triplet. In addition to

obtaining three non-zero neutrino masses, this is an oppurtunity to study the phenomenol-

ogy associated to the triplets, which has, to our knowledge, not been studied using a Monte

Carlo Markov Chain algorithm

The present paper is organised as follows: We present the considered “T1-2G” model in

Sec. 2 and discuss the physical mass spectrum in Sec. 3. Sec. ?? is devoted to the discussion

of the considered constraints and the computational setup. We discuss our results in Sec.

5, before concluding in Sec. 6. Additional technical details can be found in the Appendices.

2 The model Lagrangian

We consider a scotogenic framework, where the Standard Model gauge groupe is extended

by a Z2 symmetry, under which all Standard Model states are even, while all additional

states are odd. The field content is extended by a real scalar singlet S, a scalar doublet ⌘,

two generations of the same fermion triplet ⌃1 and ⌃2, and two Weyl fermion doublets  1

and  2, which are in fact respectively the left and the right components of a Dirac doublet.

These extra fields do not carry colour charge, i.e. they are SU(3)C singlets. A summary

of the respective representations under SU(2)L ⇥ U(1)Y is given in Table 1. This specific

scotogenic framework is labelled ”T1-2G” according to the classification given in Ref. [13].
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fermionic doublet 
+ 2 fermionic triplets

scalar doublet + singlet

2.1 The scalar sector

The scalar sector of the model under consideration consists of the Standard Model Higgs

doublet H, and two additional scalar fields: the singlet S and the doublet ⌘. Upon

electroweak symmetry breaking (EWSB), only H acquires a vacuum expectation value

v =
p
2hHi ⇡ 246 GeV. In component notation, the two doublets are then written as

H =

 
G

+

1p
2

�
v + h

0 + iG
0
�
!
, ⌘ =

 
⌘
+

1p
2

�
⌘
0 + iA

0
�
!

. (2.1)

Here, G0 and G
+ are the Goldstone bosons and h

0 the physical Higgs boson. The new

doublet ⌘ contains a charged scalar ⌘+, a neutral CP -even scalar ⌘0, and a neutral CP -odd

pseudoscalar A0. Note that, as we suppose the Z2 symmetry to be unbroken, the doublet

⌘ does not acquire a vacuum expectation value. Thus, the scalar sector is similar to the

one discussed in the ”T1-2A” framework in Refs. [11, 12].

The Lagrangien of the scalar sector of this model is given by

�Lscalar = M
2
H |H|

2 + �H |H|
4 +

1

2
M

2
SS

2 +
1

2
�4SS

4 +M
2
⌘ |⌘|

2 + �4⌘|⌘|
4

+
1

2
�SS

2
|H|

2 + �⌘|⌘|
2
|H|

2 +
1

2
�S⌘S

2
|⌘|

2 + �
0
⌘|⌘

†
H|

2

+
1

2
�

00
⌘

⇣�
⌘
†
H
�2

+ h.c.
⌘
+ 

⇣
S⌘

†
H + h.c.

⌘
.

(2.2)

We suppose all scalar couplings to be real. The first two terms of the second line are the

Standard Model terms related to the Higgs doublet H. At tree level, after EWSB, the

usual minimization relation in the Higgs sector,

m
2
h0 = � 2M2

H = 2�Hv
2
, (2.3)

allows to eliminate the free mass parameter M
2
H

in favour of the Higgs self-coupling �H .

Imposing mh0 ⇡ 125 GeV leads to a tree-level value of �H ⇡ 0.13.

The remaining terms of the second line are the mass terms and self-couplings of the

new singlet and new doublet. The terms in the third and last line of Eq. (2.2) include all

possible couplings between the Higgs doublet, the new doublet and the new singlet. Mixing

between the singlet and the doublet is induced by the trilinear coupling .

In order to assure the existence of a stable vacuum state, the scalar potential needs

to conserve the usual “sombrero shape” and hence needs to be bounded from below. In

the present framework, this translates into a set of inequality conditions for the scalar

couplings, given in App. A. In the following analysis, this condition is always satisfied.

The physical mass spectrum and mixing patterns of the the scalar sector will be dis-

cussed in Sec. 3.1.

2.2 The fermion sector

In addition to the Standard Model fermions, the scotogenic framework under consideration

contains a Dirac doublet  and a Majorana triplet ⌃. The doublet can be written as

 =

 
 1

 2

!
with  1 =

 
 0

1

 �
1

!
and  2 =

 
� +

2

( 0
2)

†

!
, (2.4)
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where  1 and  2 are two Weyl doublets with opposite hypercharge. The triplet ⌃ comes

in two generations and can be represented as

⌃j =

0

@
⌃0

jp
2

⌃+
j

⌃�
j

�
⌃0

jp
2

1

A with j = 1, 2 . (2.5)

The corresponding fermionic Lagrangian reads

�Lfermion = M  1 2 +
1

2

X

i,j

M⌃ijTr
�
⌃i⌃j

 
+
X

j

y1j 1⌃jH +
X

j

y2j 2⌃jH̃ + h.c. ,

(2.6)

where we have introduced the notation H̃ = i�
2
H

c. The Lagrangian includes mass terms

for the doublets, denoted M , and for the triplets, denotes M⌃ij with i, j = 1, 2. We place

ourselves in a basis where M⌃12 = M⌃21 = 0, without a loss of generality. Finally, there

are Yukawa couplings y1j and y2j (j = 1, 2), inducing mixing between the triplets and one

of the doublets.

The mass spectrum and mixing patterns of the fermion sector will be discussed in Sec.

3.2.

2.3 Interaction terms

The final part of the considered Lagrangian contains the interactions between the Standard

Model leptons and the extra fields introduced above. The corresponding interaction terms

are given by

�Linteraction = g
↵

 L↵ 2S + g
↵

⌃j
⌘⌃jL↵ + g

↵

Re
c

↵⌘̃ 1 + h.c. , (2.7)

where ⌘̃ = i�
2
⌘
c. The leptons are denoted L↵ (↵ = e, µ, ⌧) for the left-handed doublets,

and e
c
↵ for the right-handed singlets.

Three-non-zero neutrino masses are radiatively through the first two terms of Eq. (2.7).

Indeed, one can notice that the Standard Model lepton doublet, containing the neutrino

fields, is coupled to the new fermionic doublet  2 and the scalar singlet S and to the new

fermionic triplets ⌃1,2 and the scalar doublet ⌘, respectively. The corresponding one-loop

diagrams in the interaction basis are depicted in Fig. 1 and generate the neutrino masses.

Note that the last term from Eq. (2.7) does not contribute to the generation of neutrino

masses. Nevertheless, the right-handed coupling gR will contribute to amplitudes related

to lepton-flavour violating processes or dark matter annihilation and detection.

Finally, one of the objective is to match the current observation of neutrino masses

[19]. To avoid having to give random values to the coupling, we use the Casas-Ibarra

parametrization [20]. The following parametrization is used to compute the left-handed

couplings in a way where they provide the correct neutrino masses. In order to perform the

Casas-Ibarra parametrization, one can write a 3 ⇥ 3 matrix that contains the left-handed

couplings from Eq. (2.7):

G =

0

B@
g
e

 g
µ

 g
⌧

 

g
e

⌃1
g
µ

⌃1
g
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⌃1

g
e

⌃2
g
µ

⌃2
g
⌧

⌃2

1

CA . (2.8)
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to conserve the usual “sombrero shape” and hence needs to be bounded from below. In

the present framework, this translates into a set of inequality conditions for the scalar

couplings, given in App. A. In the following analysis, this condition is always satisfied.

The physical mass spectrum and mixing patterns of the the scalar sector will be dis-

cussed in Sec. 3.1.

2.2 The fermion sector

In addition to the Standard Model fermions, the scotogenic framework under consideration

contains a Dirac doublet  and a Majorana triplet ⌃. The doublet can be written as

 =

 
 1

 2

!
with  1 =

 
 0

1

 �
1

!
and  2 =

 
� +

2

( 0
2)

†

!
, (2.4)
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Figure 1: Radiative generation of neutrino masses within the studied model. The blue

dots depicts the couplings from Eq. (2.7).

From Figure 1, we can express the neutrino mass matrix M⌫ as

M⌫ = G
T
ML G , (2.9)

where ML contains the expressions of the loop calculations. The components of ML depend

on the parameters related to the scalar and fermionic sectors, their explicit expressions for

the scotogenic framework under consideration are given in App. B.

By making use of the Casas-Ibarra parametrization, the necessary coupling values

encompassed in the matrix G can be computed from the physical neutrino masses and

mixing parameters as well as the loop matrix ML. The coupling matrix G can be related

to the other quantities according to

G = ULD
�1/2
L

RD
1/2
⌫ U

⇤
PMNS , (2.10)

where the diagonal matrix DL as well as the rotation matrix UL stem from diagonalizing

the matrix ML,

DL = U
t

LMLUL . (2.11)

Moreover, D⌫ is the diagonal matrix containing the neutrino masses m⌫1 , m⌫2 and m⌫3 .

The PMNS matrix UPMNS relates the neutrino flavours to their mass eigenstates, after con-

sidering that the charged leptons are already in their mass eigenbasis, and is parameterised

through three mixing angles, (✓12, ✓13 and ✓23), the CP -violating Dirac phase (�CP ), as

well as two CP -violating Majorana phases (↵1 and ↵2). The PMNS matrix is detailed in

the Appendix C.

The remaining degrees of freedom are encompassed in the 3⇥ 3 matrix R, depending

on three complex angles, which are free parameters. A detailed expression of R is given in

App. C.

3 Physical mass spectrum

The physical mass eigenstates of the theory are obtained by diagonalizing the mass matrices

arising from the Lagrangians given in Eqs. (2.2) and (2.6). In practice, we use the numerical

spectrum calculator SPheno 4.0.5 [21, 22] to obtain the physical mass spectrum including

corrections at the one-loop level. The model has been implemented using the Mathematica

package SARAH 4.15.1 [23–26].

– 6 –

Generation of three non-zero neutrino masses

Physical mass eigenstates and dark matter candidates

{χ0
1 , χ0

2 , χ0
3 , χ0

4} {χ±
1 , χ±

2 , χ±
3 } {ϕ0

1 , ϕ0
2 , A0} {ϕ±

1 }

Parameter space exploration using Markov Chain Monte Carlo scanning technique…
27



Dark matter phenomenology

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

MCMC study (~100 000 points)

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

Figure 6: Histograms of the dark matter masses. The di↵erent colours indicate the DM

nature (scalar, fermion or pseudo-scalar) and its main contribution (from a doublet, singlet

or from the triplet). Left: Histogram of the DM masses in a random numerical scan. Right:

Distribution of the DM mass after applying the constraints in a MCMC numerical scan.

charge and the atomic number of the considered atom, the total muon capture rate, and

the form factors AD and AND generated by dipole photon penguins as shown in Figure

7. Those form factors are proportional to loop functions and to the product of the new

Yukawa couplings as:

AND /

⇣
g
↵

Xg
�⇤
X

⌘
TL , (5.1)

with X denoting the nature of the coupling X = (g , g⌃, gR) and ↵ = (e, µ, ⌧), and TL is

the loop calculations of the associated diagram.

The conversion rate into nuclei can achieve a large value similar to the one of µ ! e�

branching ratio. The enhancement of BR(µ ! e�) and CR(µ ! e,nuclei), are not made

in the same region of the parameter space. Thus adding both constraints allow us to

still satisfy experimental constraint in any specific region of the parameter space. Future

experiments as COMET [] and Mu2e [] plan to achieve higher sensitivity and will be

important constraints for BSM physics.

Figure 7: Penguin diagram of the µ� e conversion in a scotogenic framework.

• Discuss µ ! e�, µ ! 3e, their correlation (?)

• Prospects for exclusion with MEG-II...

– 16 –

Random sample

Configurations featuring co-annihilations preferred
 doublet and triplet configurations favoured

    (also for scalar dark matter)
→
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Particle masses for collider studies

Figure 9: Caption

Figure 10: Caption

• Briefly mention possible LHC/collider signatures

As shown on Fig. 6 we get very distinguished mass regions for dark matter candidate.

The lightest Z2�odd particle can be either a scalar, which will be singlet- or doublet-

dominated, or a fermion, which can be doublet- or triplet-dominated. In the next section

we will give the main processes involved in each scenario, for the point with the highest

likelihood. Do we need to add something here as a little intro? Give the SLHA files for

points discussed in the following subsections?

Detailed studies of such signatures are, however, clearly beyond the scope of the present

study, and left for future work. Need to check the exact masses

5.5.1 Singlet scalar dark matter

Even if the singlet scalar dark matter is not the most favorable scenario with less than

2% of scanned points giving this candidate. In this case we get a dark matter candidate

with a mass around 738 GeV and the main processes lead to final states with quarks. The

following processes contribute for less than 10% to the total cross-section:

– 18 –
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Mass distributions directly linked to dark matter mass distributions (singlet, doublet, triplet DM)

— Charged particles around 500 GeV to 4000 GeV…
— Production cross-sections not sizeable (but maybe not negligible either!)

u u~ > fxm fxmbar WEIGHTED=4 HIW=1 HIG=1 BSM=1 page 1/1

Diagrams made by MadGraph5_aMC@NLO
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 diagram 2 HIG=0, HIW=0, QCD=0, QED=2

Figure 1: Feynman diagrams associated to the pair-production of charged fermions.
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Diagrams made by MadGraph5_aMC@NLO
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Figure 2: Feynman diagrams associated to the pair-production of charged scalars.

m�± (GeV) 500 600 700 800 900 1000 1100

13 TeV 4.5 1.9 0.89 0.44 0.23 0.13 0.07

14 TeV 5.4 2.3 1.1 0.56 0.30 0.17 0.09

Table 1: Production cross-section (in fb) associated to the process pp ! �+�� at the

LHC with
p
s = 13 TeV and

p
s = 14 TeV for di↵erent masses of the produced particle.

The numerical values have been obtained using MadGraph with the nn23lo1 set of parton

distribution functions. Uncertainties given by MadGraph are omitted in the table.

1 Preliminary studies

The pair-production of the charged fermion �± can be mediated by either a photon or a

Z0-boson. The corresponding Feynman diagrams are shown in Fig. 1. Consequently, as

only gauge couplings are involved, the associated cross-section depends solely on the mass

of the produced particle. Estimates for the production cross-section are given in Table 2.

The pair-production of the charged scalar �± can mediated by either a photon or a

– 2 –
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Expected collider signatures

ϕ+

ϕ−

p

p

χ0
1

χ0
1

ℓ+
i

ℓ−
k

pp → ℓ+
i ℓ−

k Emiss
T

  Interesting LFV signatures…?   Long-lived particles…? 

 

mχ± − mχ0
1

≲ 1 GeV

χ+

χ−

p

p

ϕ0
1

ϕ0
1

ℓ+
i

ℓ−
k

Standard Model background…?

30

mχ ∼ 1 TeV
Production cross-sections…?



Expected collider signatures

pp → e+μ−ET
miss

— High  needed to efficiently separate LFV signal from SM background ( FCC…?)

— Wider and more detailed study needed…

s →

31



Summary and outlook

Scotogenic models allow to generate neutrino masses while providing viable 
dark matter candidates

Very predictive concerning dark matter mass (co-annihilation favoured)

Explanation of muon  and leptogenesis possible(g − 2)

Collider signatures…?

Freeze-in dark matter…?

M. Sarazin, B. Herrmann, J. Bernigaud — JHEP 03 (2019) 067 — arXiv:1812.07463 [hep-ph]
A. Alvarez, A. Banik, R. Cepedello, B. Herrmann, W. Porod, M. Sarazin, M. Schnelke — JHEP 05 (2022) 156 — arXiv:2111.10199 [hep-ph] 
T. Guérandel, B. Herrmann — to be completed…
U. de Noyers, M. Sarazin, B. Herrmann — to be published…
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Verifiable radiative seesaw mechanism of neutrino mass and dark matter
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Neutrino oscillations have established that neutrinos !i have very small masses. Theoretically, they are

believed to arise through the famous seesaw mechanism from their very heavy and unobservable Dirac

mass partners Ni. It is proposed here in a new minimal extension of the standard model with a second

scalar doublet ("! , "0) that the seesaw mechanism is actually radiative, and that Ni and ("! , "0) are

experimentally observable at the forthcoming Large Hadron Collider, with the bonus that the lightest of

them is also an excellent candidate for the dark matter of the Universe.

DOI: 10.1103/PhysRevD.73.077301

PACS numbers: 14.60.Pq, 95.35.+d

In the well-known canonical seesaw mechanism [1],

three heavy singlet Majorana neutrinos Ni (i " 1), 2, 3

are added to the standard model (SM) of elementary par-

ticles, so that

M
#e;#;$$
! " %MDM

%1
N MT

D;
(1)

where MD is the 3& 3 Dirac mass matrix linking the

observed neutrinos !% (% " e;#; $) to Ni, and MN is

the Majorana mass matrix of Ni. More generally [2], M!

comes from the unique dimension-five operator

L ! "
fij
!
#!i&0 % li&!$#!j&

0 % lj&!$ ! H:c:; (2)

where (!i, li) are the usual left-handed lepton doublets

transforming as (2, %1=2) under the standard electroweak

SU#2$L&U#1$Y gauge group and #&! ;&0$ ' #2; 1=2$ is

the usual Higgs doublet of the SM. There are three and only

three tree-level realizations [3] of this operator, one of

which is of course the canonical seesaw mechanism.

There are also three generic mechanisms for obtaining

this operator in one loop [3]. Whereas the new particles

required in the three tree-level realizations are most likely

too heavy to be observed experimentally in the near future,

those involved in the one-loop realizations may in fact be

light enough to be detected, in forthcoming experiments at

the Large Hadron Collider (LHC), for example.

Consider the following minimal extension of the SM.

Under SU#2$L&U#1$Y
& Z2, the particle content is given

by

#!i;li$'#2;%1=2;!$; lci'#1;1;!$; Ni'#1;0;%$;
(3)

#&! ;&0$ ' #2; 1=2;!$; #"! ;"0$ ' #2; 1=2;%$: (4)

Note that the new particles, i.e. Ni and the scalar doublet

("! , "0), are odd under Z2. A previously proposed model

[4] of neutrino mass shares the same particle content of this

model, but the extra symmetry assumed there is global

lepton number, which is broken explicitly but softly by

the unique bilinear term #2"y"! H:c: in the Higgs po-

tential. Here, Z2 is an exact symmetry, in analogy with the

well-known R-parity of the minimal supersymmetric stan-

dard model (MSSM), hence this term is strictly forbidden.

As a result, "0 has zero vacuum expectation value and

there is no Dirac mass linking !i withNj. Neutrinos remain

massless at tree level as in the SM.

The Yukawa interactions of this model are given by

L Y " fij#&%!i!
#&0li$lcj ! hij#!i"

0 % lj"!$Nj ! H:c:

(5)

In addition, the Majorana mass term

1
2
MiNiNi! H:c:

and the quartic scalar term

1
2
'5#"y"$

2 ! H:c:

are allowed. Hence the one-loop radiative generation of

M! is possible, as depicted in Fig. 1. This diagram was

discussed in Ref. [3], but without recognizing the crucial

role of the exact Z2 symmetry being considered here.

The immediate consequence of the exact Z2 symmetry

of this model is the appearance of a lightest stable particle

(LSP). This can be either bosonic, i.e. the lighter of the two

mass eigenstates of Re"0 and Im"0 , or fermionic, i.e. the

lightest mass eigenstate of N1;2;3. The latter possibility was

first proposed in a different model [5], where neutrino

masses are radiatively generated in three loops with the

addition of two charged scalar singlets.

FIG. 1. One-loop generation of neutrino mass.
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First and simplest scotogenic model: 
 

SM + scalar doublet + 3 fermionic singlets

In the well-known canonical seesaw mechanism [1], three heavy singlet Majorana neu-

trinos Ni (i = 1, 2, 3) are added to the Standard Model (SM) of elementary particles, so

that

M(e,µ,τ)
ν = −MDM−1

N MT
D, (1)

where MD is the 3× 3 Dirac mass matrix linking the observed neutrinos να (α = e, µ, τ) to

Ni, and MN is the Majorana mass matrix of Ni. More generally [2], Mν comes from the

unique dimension-five operator

LΛ =
fij

Λ
(νiφ

0 − liφ
+)(νjφ

0 − ljφ
+) + H.c., (2)

where (νi, li) are the usual left-handed lepton doublets transforming as (2,−1/2) under the

standard electroweak SU(2)L×U(1)Y gauge group and (φ+, φ0) ∼ (2, 1/2) is the usual Higgs

doublet of the SM. There are three and only three tree-level realizations [3] of this operator,

one of which is of course the canonical seesaw mechanism. There are also three generic

mechanisms for obtaining this operator in one loop [3]. Whereas the new particles required

in the three tree-level realizations are most likely too heavy to be observed experimentally

in the near future, those involved in the one-loop realizations may in fact be light enough to

be detected, in forthcoming experiments at the Large Hadron Collider (LHC) for example.

Consider the following minimal extension of the SM. Under SU(2)L × U(1)Y × Z2, the

particle content is given by

(νi, li) ∼ (2,−1/2; +), lci ∼ (1, 1; +), Ni ∼ (1, 0;−), (3)

(φ+, φ0) ∼ (2, 1/2; +), (η+, η0) ∼ (2, 1/2;−). (4)

Note that the new particles, i.e. Ni and the scalar doublet (η+, η0), are odd under Z2. A

previously proposed model [4] of neutrino mass shares the same particle content of this model,

but the extra symmetry assumed there is global lepton number, which is broken explicitly

but softly by the unique bilinear term µ2Φ†η + H.c. in the Higgs potential. Here, Z2 is an

2

The latter possibility was first proposed in a different model [5], where neutrino masses are

radiatively generated in three loops with the addition of two charged scalar singlets.

The Higgs potential of this model is given by

V = m2
1Φ

†Φ + m2
2η

†η +
1

2
λ1(Φ

†Φ)2 +
1

2
λ2(η

†η)2 + λ3(Φ
†Φ)(η†η)

+ λ4(Φ
†η)(η†Φ) +

1

2
λ5[(Φ

†η)2 + H.c.], (6)

where λ5 has been chosen real without any loss of generality. For m2
1 < 0 and m2

2 > 0, only

φ0 acquires a nonzero vacuum expectation value v. The masses of the resulting physical

scalar bosons are given by

m2(
√

2Reφ0) = 2λ1v
2, (7)

m2(η±) = m2
2 + λ3v

2, (8)

m2(
√

2Reη0) = m2
2 + (λ3 + λ4 + λ5)v

2, (9)

m2(
√

2Imη0) = m2
2 + (λ3 + λ4 − λ5)v

2. (10)

The diagram of Fig. 1 is exactly calculable from the exchange of Reη0 and Imη0 and is

given by

(Mν)ij =
∑

k

hikhjkMk

16π2

[

m2
R

m2
R − M2

k

ln
m2

R

M2
k

−
m2

I

m2
I − M2

k

ln
m2

I

M2
k

]

, (11)

where mR and mI are the masses of
√

2Reη0 and
√

2Imη0 respectively. If m2
R −m2

I = 2λ5v2

is assumed to be small compared to m2
0 = (m2

R + m2
I)/2, then

(Mν)ij =
λ5v2

8π2

∑

k

hikhjkMk

m2
0 − M2

k

[

1 −
M2

k

m2
0 − M2

k

ln
m2

0

M2
k

]

. (12)

If M2
k >> m2

0, then

(Mν)ij =
λ5v2

8π2

∑

k

hikhjk

Mk

[

ln
M2

k

m2
0

− 1

]

. (13)

If m2
0 >> M2

k , then

(Mν)ij =
λ5v2

8π2m2
0

∑

k

hikhjkMk. (14)

4

exact symmetry, in analogy with the well-known R−parity of the Minimal Supersymmetric

Standard Model (MSSM), hence this term is strictly forbidden. As a result, η0 has zero

vacuum expectation value and there is no Dirac mass linking νi with Nj . Neutrinos remain

massless at tree level as in the SM.

The Yukawa interactions of this model are given by

LY = fij(φ
−νi + φ̄0li)l

c
j + hij(νiη

0 − ljη
+)Nj + H.c. (5)

In addition, the Majorana mass term

1

2
MiNiNi + H.c.

and the quartic scalar term
1

2
λ5(Φ

†η)2 + H.c.

are allowed. Hence the one-loop radiative generation of Mν is possible, as depicted in Fig. 1.

This diagram was discussed in Ref. [3], but without recognizing the crucial role of the exact

Z2 symmetry being considered here.

νi νjNk

η0 η0

φ0 φ0

Figure 1: One-loop generation of neutrino mass.

The immediate consequence of the exact Z2 symmetry of this model is the appearance

of a lightest stable particle (LSP). This can be either bosonic, i.e. the lighter of the two

mass eigenstates of Reη0 and Imη0, or fermionic, i.e. the lightest mass eigenstate of N1,2,3.

3
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Model ↵
Fermionic Scalar

Exotic charges # of N’plets
DM DD DM DD

T3-A
0 21 ⇥ 10, 32 X X 3

�2 2�1 ⇥ 30 X ⇥ 3

T3-B
1,�3 ⇥ ⇥ 2±1 X X 3

�1 10 X 2±1 X ⇥ 2

T3-C
1,�3 3±2 ⇥ 2±1 X X 3

�1 30 X 2±1 X ⇥ 2

T3-E 0,�2 2±1 ⇥ 30, 3±2 X X 3

Table 33: Non-equivalent models belonging to the T3 topology that are consistent with dark
matter.

H0 H0

ν νψ

∆

φ φ′

ν ν

H0 H0Φ

∆

φ φ′

Figure 5: Diagram T4-2-i with Majorana fermions inside the loop, and diagram T4-1-ii.

was proposed to promote the fermions inside the loop to be Majorana fermions, to impose a
Z2 symmetry that would forbid a seesaw contribution, and to assume that all couplings are
lepton number conserving. The first two conditions can be easily satisfied but the last one is
not only ad-hoc but also di�cult to implement in a field theory, and should require additional
symmetries and particles which are even under Z2, as in the implementation for T4-1-ii in [42].
It is clear, in any case, that in the models we consider, where the only additional symmetry is
the Z2 required to stabilize the dark matter particle, the tree-level contribution is unavoidable.
In these models, therefore, neutrino masses do not arise radiatively and there is no connection
between dark matter and neutrino masses. For this reason, we do not consider models from
this topology any further.

8 Discussion

In total, we have found 35 di↵erent models of radiative neutrino masses that are compatible
with dark matter: 12 from T1-1, 8 from T1-2, 8 from T1-3, and 7 from T3. All of them
admit scalar dark matter and 18 allow also for fermionic dark matter. Particles with exotic

25

T4

Model ↵
Fermionic Scalar

Exotic charges # of N’plets
DM DD DM DD

T1-3-A 0 10, 2±1 X 10 X ⇥ 3

T1-3-B 0 10, 2±1 X 30 X ⇥ 3

T1-3-C ±1 10, 2±1 X 21 X ⇥ 4

T1-3-D
1 21, 30 X 21 X ⇥ 4

�1 10, 2�1, 3�2 X 2�1 X X 4

T1-3-F ±1 2±1, 30, 3±2 X 2±1 X X 4

T1-3-G 0 2±1, 30 X 10 X ⇥ 3

T1-3-H 0 2±1, 30 X 30 X ⇥ 3

Table 27: Non-equivalent models belonging to the T1-3 topology that are consistent with dark
matter.

H0 H0

ν νψ

φ φ′

Figure 4: One-loop contribution to neutrino mass in the T3 models.

this case. This topology is the best studied one. It includes the radiative seesaw [28], its variant
with a triplet fermion [39], the so-called AMEND [40], and some other possibilities recently
discussed in [32]. Five di↵erent field assignments are consistent with non-zero neutrino masses:
T3-A, ..., T3-E. All of them contain viable dark matter candidates.

6.1 Model T3-A

�0 �  

1S↵ 3S2+↵ 2F1+↵

Table 28: Model T3-A.

This model consists of a singlet and a triplet scalar, and a fermion doublet –see Table 28.
The spectrum contains a neutral particle for three di↵erent values of ↵:

21

T3

Our results concerning the T1-2 topology are summarized in Table 18. We found 8 non-
equivalent models that are consistent with dark matter. All of them admit scalar dark matter
and four allow also for fermionic dark matter. In three of these models, the spectrum contains
particles with exotic electric charges (doubly charged). In all cases, four additional fields are
required.

5 Models from topology T1-3

H0 H0

ν νφ

ψ′

Ψ

ψ

Figure 3: One-loop contribution to neutrino mass in the T1-3 models.

Models belonging to this topology contain 3 additional fermions ( ,  0,  ) and one ad-
ditional scalar (�), all odd under the Z2 symmetry. 1-loop neutrino masses are obtained via
the diagram in figure 3. The eight possible field assignments that are compatible with neu-
trino masses are denoted as T1-3-A,...,T1-3-H. Next we examine, for each of them, under what
conditions one can obtain viable dark matter candidates.

5.1 Model T1-3-A

  0 �  

1F↵ 2F1+↵ 1S↵ 2F↵�1

Table 19: Model T1-3-A.

In this model, the scalar field and one of the fermions are singlets whereas the other two
fermions are doublets, as shown in Table 19. The values of ↵ that yield a neutral particle in
the spectrum are

• ↵ = 0 :  0
0,  0

1 = ( 0+, 00), �00,  �1 = ( 0, �).

This model allows for singlet scalar dark matter or singlet-doublet fermion dark matter.
Since  and  0 have opposite hypercharges, the model is automatically anomaly free.
The Z2 symmetry forbids a Type I seesaw contribution to neutrino masses.

16

T1-3

H0 ν

ν H0φ′

ψ′

ψ

φ

Figure 2: One-loop contribution to neutrino mass in the T1-2 models.

4 Models from topology T1-2

Models corresponding to the T1-2 topology contain two additional fermions and two new
scalars, all assumed to be odd under the Z2 symmetry. Figure 2 shows the 1-loop contribu-
tion to neutrino masses in this topology. A general discussion about this topology, without
establishing the particle content of specific models, was done in [38]. Eight di↵erent field as-
signments are compatible with neutrino masses: T1-2-A,...,T1-2-H. As we show next, all of
them contain dark matter candidates.

4.1 Model T1-2-A

 � �0  0

1F↵ 2S1+↵ 1S↵ 2F1+↵

Table 10: Model T1-2-A.

This model contains two singlets –one scalar and one fermion– and two doublets –one scalar
and one fermion. A neutral particle can be found in the spectrum for two di↵erent values of
↵:

• ↵ = 0 :  0
0, �1 = (�+,�0), �000  0

1 = ( 0+, 00).

This setup allows for singlet-doublet scalar dark matter and singlet-doublet fermionic
dark matter. The Z2 symmetry forbids a Type I seesaw contribution to neutrino masses.
 0 must be vector-like.

• ↵ = �2 :  �
�2, ��1 = (�0,��), �0��2  0

�1 = ( 00, 0�).

In this case only doublet scalar dark matter is allowed. Fermion doublet dark matter is
excluded by direct detection bounds. Both  and  0 must be vector-like.

11

T1-2

of the viable models contain particles with exotic electric charges (doubly-charged fermions or
scalars), as they give rise to background-free signals which can be more easily searched for in
the LHC data.

We are now ready to present our results: the full set of models with radiative neutrino
masses that are compatible with dark matter. To facilitate the analysis, we will classify the
models according to the topology of the 1-loop diagram for neutrino masses, with each topology
studied in a di↵erent section. For each field assignment compatible with neutrino masses, we
will determine the values of ↵ (the hypercharges) that allow for a dark matter particle, show
the particles it contain, find the dark matter candidates and check whether it is consistent
with the bounds previously mentioned. As we will see, within a given topology some models
are actually equivalent to others –they contain the same particle content. We will include a
remark when that is the case and count only the non-equivalent models. At the end of each
section, a table that summarizes the viable models is provided.

3 Models from topology T1-1

H0 H0

ν νψ

φ

ϕ

φ′

Figure 1: One-loop contribution to neutrino mass in the T1-1 models.

In this section we consider the models belonging to the topology T1-1. The 1-loop contri-
bution to the neutrino mass matrix is given in this case by the diagram shown in figure 1. All
these models include 3 scalars and one fermion field, which are odd under the Z2 symmetry.
Excluding the hypercharge, there are 8 di↵erent field assignments that are consistent with
neutrino masses: T1-1-A,...,T1-1-H. In each of them, we find models containing a dark matter
candidate. Let us see these viable possibilities one by one.

3.1 Model T1-1-A

' �0  �

1S↵ 2S↵�1 1F↵ 2S↵+1

Table 1: Model T1-1-A.

5

T1-1



Models with radiative neutrino masses and viable dark mattercandidates
Diego Restrepo⇤, Oscar Zapata†,

Instituto de F́ısica, Universidad de Antioquia,
Calle 70 No. 52-21, Medelĺın, Colombia
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• ↵ = 0 : '0 = ('+ ,'
0 ,'�),

�0�1 =
(�0

0 ,�0
�),  0 = ( + , 

0 , 
�), �1 = (�+ ,�

0).

This model allo
ws for d

oublet-t
riplet sc

alar dar
k matter an

d triplet fe
rmion dark matter.

The Z2 symmetry forbids a
Type III seesa

w contribu
tion to neutrino

masses.

• ↵ = 2 : '2 = ('+
+ ,'+ ,'

0), �01 =
(�0

+ ,�0
0),  2 = ( ++ , 

+ , 
0), �3 = (�+

+ ,�+).

This val
ue of ↵ allows fo

r double
t-triplet

scalar d
ark matter. The Z2 symmetry forbids

a Type II seesaw contribu
tion to neutrino

masses. Potentia
l signals

at the LHC com-

ing from a doubly-c
harged fermion and two doubly-c

harged scalars.
The fermion triplet

should be vector-li
ke to be compatible with anomaly cancella

tion.

• ↵ =�2: '�2 = ('0 ,'
� ,'�

�), �
0
�3 =

(�0
� ,�0

��),  �2 = ( 0 , 
� , 

��), ��1 = (�0 ,�
�).

This cas
e is equiva

lent to that for
↵ = 2.

3.9
Summary of T1-1

Model
↵

Fermionic
Scalar Exotic charges

# of N’ple
ts

DM DD
DM

DD

T1-1-A
±2 ⇥ ⇥ 2±1

X
X

4

0 10 X 10, 2±1
X

⇥
3

T1-1-B
±2 3±2

⇥ 2±1
X

X
4

0 30 X 10, 2±1
X

⇥
3

T1-1-C
±1 2±1

⇥ 10, 2±1
X

X
4

T1-1-D
1 21 ⇥ 10, 21, 32

X
X

4

�1 2�1
⇥ 2�1, 30

X
⇥

4

T1-1-F
±1 2±1

⇥ 2±1, 30, 3±2
X

X
4

T1-1-G
±2 ⇥ ⇥ 2±1, 3±2

X
X

4

0 10 X 2±1, 30
X

⇥
3

T1-1-H
±2 3±2

⇥ 2±1, 3±2
X

X
4

0 30 X 2±1, 30
X

⇥
3

Table 9: Non-equ
ivalent m

odels belongin
g to the T1-1 topology

that are
consiste

nt with
dark

matter.

Table 9 summarizes our results regardin
g the T1-1 topology

. In all, we found 12 non-

equivale
nt models th

at are co
nsistent

with dark matter. A
ll of them

admit scalar
dark matter

and four allo
w also for ferm

ionic da
rk matter. In

seven of these
models, th

e spectru
m contains

particles
with exotic electric

charges
(doubly

charged)
. Althou

gh the T1-1 topology
generally

requires
four add

itional fi
elds, in

four cas
es that n

umber is ac
tually reduced

to three.
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Notice that T1-2-G does not o↵er any new non-equivalent model.

4.8
Model T1-2-H

 
�

� 0
 03F↵ 2S1+↵ 3S↵ 2F1+↵

Table 17: Model T1-2-H.

This is the last model within this topology. It consists of two triplets (one scalar and one

fermion) and two doublets (one scalar and one fermion), as shown in Table 17. Dark matter

candidates can be obtained for three values of ↵:

• ↵ = 0 :  0 = ( +, 0, �), �1 = (�+,�0), � 0
0 = (� 0+,� 00,� 0�),  0

1 = ( 0+, 00).

This model is equivalent to T1-2-F with ↵ = �1.

• ↵ =�2:  �2 = ( 0, �, ��), ��1 = (�0,��), � 0
�2 = (� 00,� 0�,� 0��),  0

�1 = ( 00, 0�).

This model is equivalent to T1-2-F with ↵ = 1.

• ↵ = 2 :  2 = ( ++, +, 0), �3 = (�++,�+), � 0
2 = (� 0++,� 0+,� 00)  0

3 = ( 0++, 0+).

Since both neutral particles belong to triplets with non-zero hypercharge, this possibility

is not consistent with direct detection bounds.

No new viable models are obtained from T1-2-H.

4.9
Summary of T1-2

Model ↵ Fermionic
Scalar

Exotic charges # of N’plets

DM
DD

DM
DD

T1-2-A 0 10, 21 X
10, 21 X

⇥
4

�2 2�1 ⇥
2�1 X

⇥
4

T1-2-B 0 10, 21 X
21, 30 X

⇥
4

�2 2�1 ⇥ 2�1, 3�2 X
X

4

T1-2-D 1 21, 32 ⇥
21 X

X
4

�1 2�1, 30 X
10, 2�1 X

⇥
4

T1-2-F 1 21, 32 ⇥
21, 32 X

X
4

�1 2�1, 30 X
2�1, 30 X

⇥
4

Table 18: Non-equivalent models belonging to the T1-2 topology that are consistent with dark

matter.
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Model ↵
Fermionic

Scalar Exotic charges
# of N’plet

s

DM DD DM DD

T1-3-A
0 10, 2±1

X 10 X ⇥
3

T1-3-B
0 10, 2±1

X 30 X ⇥
3

T1-3-C
±1 10, 2±1

X 21 X ⇥
4

T1-3-D
1 21, 30

X 21 X ⇥
4

�1 10, 2�1, 3�2
X 2�1

X X
4

T1-3-F
±1 2±1, 30, 3±2

X 2±1
X X

4

T1-3-G
0 2±1, 30

X 10 X ⇥
3

T1-3-H
0 2±1, 30

X 30 X ⇥
3

Table 27: Non-equi
valent models belonging

to the T1-3 topology
that are consisten

t with dark

matter. H
0

H
0

ν

ν
ψ

φ
φ′

Figure 4: One-loop contribut
ion to neutrino

mass in the T3 models.

this case.
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logy is the bes
t studied

one. It in
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e radiativ
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[28], its v
ariant

with a triplet fermion [39], the
so-called

AMEND [40], and
some other possibilit

ies recently

discussed
in [32]. Five

di↵erent
field assignments are c

onsistent
with non-zero

neutrino
masses:

T3-A, ...,
T3-E. Al
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contain viable dark matter can
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6.1
Model T
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�0 �  

1S↵ 3S2+↵
2F1+↵

Table 28: Model T3-A
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The spectrum
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di↵erent
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Figure 15. Direct detection cross section of scalar singlet dark matter as a function of its mass and
its correlation with the lepton-flavour violating branching ratio BR(µ → eγ) (colours). All points
fulfill relic density as well as neutrino mass and mixing constraints.

limit the mixing in the scalar and fermion sectors by reducing the scan ranges of |λS |, A, |y1|
and y2 to values below π ·10−4. This also enhances the annihilation into lepton final states.

After imposing all experimental constraints, including those on the direct detection

cross section and lepton-flavour violating processes, we obtain the scalar-fermion couplings

gij shown in figure 16. Since A, y1 and y2 are now all small, we can obtain viable neutrino

masses for sizeable values of gij . As figure 16 shows, at least one of these couplings must

be large, but they cannot be both large at the same time, which reflects the two rather

different neutrino mass differences. Due to the weaker limits on lepton-flavour violation

for processes involving the τ lepton, the values of g13 are less restricted than those of g11
and g12. As the singlet scalar mass MS,S and with it the doublet fermion mass MD,F

increase, so must the couplings gij to compensate for the propagator suppression in the

neutrino mass loops. Conversely, as λ′′D and with it the doublet scalar mass splitting and

the neutrino masses increase (cf. eq. 4.6), the corresponding scalar-fermion couplings g2i
must decrease for the neutrino masses to remain in the viable range (cf. figure 17). Since

dark matter is chosen to be mostly singlet-scalar-like, the impact of dark matter constraints

and lepton flavour violation bounds is much stronger for g1i than for g2i. The couplings

g2i are mostly associated with the scalar doublet and are mostly limited by neutrino mass

limits as indicated by figure 17, which shows the need for compensating small g21 by a

larger λ′′D. The possibility of co-annihilation between scalars and fermions allows to obtain

viable relic densities even though gij can be relatively small.

– 21 –

focus on scalar dark matter

neglect coupling gR
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Direct detection in the T1-2A model

Upcoming experiments will constrain mainly (doublet-like) scalar dark matter 

Fermionic dark matter (especially the doublet) difficult to constrain

— efficient co-annihilation around  allows for small couplingsmDM ∼ 1 − 1.2 TeV

6B;m`2 Rk, G27i, aTBM@BM/2T2M/2Mi /�`F K�ii2` /B`2+i /2i2+iBQM +`Qbb@b2+iBQM �b � 7mM+iBQM
Q7 i?2 /�`F K�ii2` K�bbX h?2 +QHQm`b +Q``2bTQM/ iQ i?2 /Bz2`2Mi M�im`2b Q7 i?2 /�`F
K�ii2`X _B;?i, aTBM@BM/2T2M/2Mi /�`F K�ii2` /B`2+i /2i2+iBQM +`Qbb@b2+iBQM p2`bmb i?2
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