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Probing the Weakly Interacting Massive Particle paradigm
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DAMA/LIBRA-phase2 and isospin-violating DM

R. Bernabei et al. [DAMA/LIBRA-phase2], 1805.10486; S. Baum, K. Freese, C. Kelso, 1804.01231
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Models with radiative neutrino masses and dark matter

F. Bonnet, M. Hirsch, T. Ota, W. Winter, JHEP 1207 (2012) 153; Y. Farzan, S. Pascoli, M. Schmidt, JHEP 1303 (2013) 107;
D. Restrepo, O. Zapata, C. Yaguna, JHEP 1311 (2013) 011; Y. Cai et al., Front. in Phys. 5 (2017) 63
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The best studied class: T3

Conclusion

Y. Farzan, S. Pascoli, M.A. Schmidt, JHEP 1010 (2010) 111; M. Aoki, S. Kanemura, K. Yagyu, Phys. Lett. B702 (2011) 355

E. Ma, Phys. Rev. D73 (2006) 077301; E. Ma, D. Suematsu, Mod. Phys. Lett. A24 (2009) 583
Model Fermionic Scalar Exotic chan # of N'plet
odel DM oD DM o) otic charges of N'plets
21 X 1p, 32 v v 3
T3-A 2_1 X 30 Vv X 3
X X 241 v v 3
T3-B T, | 7 741 7 X 3
] 340 X 241 v v 3
T3-C A 741 7 X 2
T3-E 241 X 30,342 v v 3
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The best studied class: T3

Y. Farzan, S. Pascoli, M.A. Schmidt, JHEP 1010 (2010) 111; M. Aoki, S. Kanemura, K. Yagyu, Phys. Lett. B702 (2011) 355
E. Ma, Phys. Rev. D73 (2006) 077301; E. Ma, D. Suematsu, Mod. Phys. Lett. A24 (2009) 583

Model «@ DF’;rmion[i;:D DMScalar [5]8) Exotic charges # of N'plets
T e - - e T s % 3
T3-E 0, —2 241 X 30,342 v v 3

Potential in T3-B with & = —1 (“Inert Doublet Model"):

Loy = (BHIHy + BHSH, + % (hthl)2 + % (thfz)2
+ Xs (H{Hh) (HiH) + e (H{H: ) (HiFy) + % (lez)2
+ h.c
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MK, J. Ruiz-Alvarez, C. Yaguna, Phys. Rev. D87 (2013) 075025 [1302.1657]
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The best studied class: T3

Y. Farzan, S. Pascoli, M.A. Schmidt, JHEP 1010 (2010) 111; M. Aoki, S. Kanemura, K. Yagyu, Phys. Lett. B702 (2011) 355
E. Ma, Phys. Rev. D73 (2006) 077301; E. Ma, D. Suematsu, Mod. Phys. Lett. A24 (2009) 583

Model [eY DF’;rmion[i)cD DN?calar )b) Exotic charges # of N'plets
g e e 4 :
T3E | 0,-2 | 241 X 30,342 7 v 3

Potential in T3-B with @ = —1 ("Scotogenic Model"):
A1 A2
Ly, = pEHIHL + 2H Hy + 2L (HTH ) + 2 (HTH2>

s (H{Hl) (HgHz) + M (HlTH2> (H Hl) (HTHz)
+ h.c

+
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Y. Farzan, S. Pascoli, M.A. Schmidt, JHEP 1010 (2010) 111; M. Aoki, S. Kanemura, K. Yagyu, Phys. Lett. B702 (2011) 355
E. Ma, Phys. Rev. D73 (2006) 077301; E. Ma, D. Suematsu, Mod. Phys. Lett. A24 (2009) 583

Model [eY DF’;rmion[i)cD DN?calar )b) Exotic charges # of N'plets
T3E | 0,-2 | 241 X 30,342 7 v 3

Potential in T3-B with @ = —1 ("Scotogenic Model"):

Ly = HTH1+M2HTH2+)\ (HTH) +A2 (HTH2>
+ X5 (H{Hy) (HiH) + g (HiH: ) (H] Hl) (HTHz)
+ he
Ly = h;ZaHgPRN,-Jrh.c.
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Coannihilations in the Scotogenic Model

MK, C. Yaguna, J. Ruiz-Alvarez, D. Restrepo, O. Zapata, JCAP 1304 (2013) 044
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Class T1-3

S. Fraser, E. Ma, O. Popov, Phys. Lett. B737 (2014) 280; D. Restrepo et al., Phys. Rev. D92 (2015) 013005;
S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C78 (2018) 88; J. Fiaschi, MK, S. May, in preparation

Model o DFlarmlonlc oD DN?caIarDD Exotic charges # of N'plets
T1-3-A 0 To, 241 7 To 7 X 3
T1.3-B 0 To, 241 7 30 7 X 3
T1-3-C | +1 10,241 7 2, 7 X 4

1 21,39 v 2, 7 X 4
TS3D s 3, v T2 7 7 7
T1-3-F +1 241,30,342 v 241 v v 4
T1-3-G 0 241,30 v 19 v X 3
T1-3-H 0 241,30 v 3p v X 3

Conclusion

13 /24
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Class T1-3

S. Fraser, E. Ma, O. Popov, Phys. Lett. B737 (2014) 280; D. Restrepo et al., Phys. Rev. D92 (2015) 013005;

S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C78 (2018) 88; J. Fiaschi, MK, S. May, in preparation

Model « Fermionic oD DMScaIarDD Exotic charges # of N'plets
TI3-A 0 To, 241 7 To 7 X 3
T1-3-B 0 10,241 v 3p v X 3
T1-3-C | +1 10,241 v 2, 7 X 7

1 21, 30 7 2, 7 X 7
TS0 o535, T v 21 [ 7 7 2
TI-3F | *1 | 2+1,30,342 v 241 7 7 7
T1-3-G 0 241,30 v 19 v X 3
T1-3-H 0 241,30 v 30 v X 3

Potential in T1-3-B with a = 0:
—Ly = (M)I(HH)T(¢i¢)) + (A3) " Tr(¢idjddm)
+ (\(HW )WV +h.e) + (As(H)V + h.c.)
+ ((N\e)7Lipj" +hec.)

Conclusion
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Class T1-3

Conclusion

S. Fraser, E. Ma, O. Popov, Phys. Lett. B737 (2014) 280; D. Restrepo et al., Phys. Rev. D92 (2015) 013005;

S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C78 (2018) 88; J. Fiaschi, MK, S. May, in preparation

Model « Fermionic oD DMScaIarDD Exotic charges # of N'plets
TI3-A 0 To, 241 7 To 7 X 3
T1.3-B 0 To, 241 7 30 7 X 3
T1-3-C | +1 10,241 v 2, 7 X 7

1 21, 30 7 2, 7 X 7
TS0 o535, T v 21 [ 7 7 2
TI-3F | *1 | 2+1,30,342 v 241 7 7 7
T1-3-G 0 241,30 v 19 v X 3
T1-3-H 0 241,30 v 30 v X 3

Potential in T1-3-B with o = 0:
Ly = A)I(HH)Tr(¢id) + (X3)*™Tr(¢idjdxPm)
+ (\(HW )WV +h.e) + (As(H)V + h.c.)
+ ((Ne)iLipjy + h.c.)

Neutrino mass matrix for two generations of scalars:
(AH2 AZAT AgAT! (2?2 ALAZ AZAT
A AATE N2 AT 4+ Ay [ APAT2 (AR A2pT
AGATE AEAZY (AFY)? AZAL2 APAZ (AZ2)?

1
3272
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Neutrino masses in T1-3-B

J. Fiaschi, MK, S. May, in preparation
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Relic density in T1-3-B

J. Fiaschi, MK, S. May, in preparation
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Class T1-3

S. Fraser, E. Ma, O. Popov, Phys. Lett. B737 (2014) 280; D. Restrepo et al., Phys. Rev. D92 (2015) 013005;
S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C78 (2018) 88; J. Fiaschi, MK, S. May, in preparation

Model a Fermionic oD DMScaIarDD Exotic charges # of N'plets
TI3-A 0 To, 241 7 To 7 X 3
T1-3-B 0 10,241 v 3p v X 3
T1-3-C | +1 10,241 v 2, 7 X 7

1 21, 30 7 2, 7 X 7
TS0 o535, T v 21 [ 7 7 2
TI-3F | *1 | 2+1,30,342 v 241 7 7 7
T1-3-G 0 241,30 v 19 v X 3
T1-3-H 0 241,30 v 30 v X 3

Potential in T1-3-A with o = 0:
7. .C 7 ..C 51 I~ 62 —7cC
Ly = a,-J-L/;’VJ-LqS,- + a,-jE’engzb,- + %@Z)CSh + ﬁws h+h.c.

16 /24
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Class T1-3

S. Fraser, E. Ma, O. Popov, Phys. Lett. B737 (2014) 280; D. Restrepo et al., Phys. Rev. D92 (2015) 013005;
S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C78 (2018) 88; J. Fiaschi, MK, S. May, in preparation

Model « Fermionic oD DMScaIarDD Exotic charges # of N'plets
TI3-A 0 To, 241 7 To 7 X 3
T1.3-B 0 To, 241 7 30 7 X 3
T1-3-C | +1 10,241 v 2, 7 X 7

1 21, 30 7 2, 7 X 7
TS0 o535, T v 21 [ 7 7 2
TI-3F | *1 | 2+1,30,342 v 241 7 7 7
T1-3-G 0 241,30 v 19 v X 3
T1-3-H 0 241,30 v 30 v X 3

Potential in T1-3-A with o = 0:

B1 B2

Ly = QIJEV‘CLQSI + a,-j?eﬁgb,- + EESh + —Wsch + h.c.

J

V2

Lepton flavor violation: b
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Lepton flavor violation in T1-3-A

S. Esch, MK, D. Lamprea, C. Yaguna, Eur. Phys. J. C 78 (2018) 88
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Class T1-2

S. Esch, MK, C. Yaguna, 1804.03384, JHEP (under review); R. Longas, D. Portillo, D. Restrepo, O. Zapata, JHEP 1603 (2016)

162 [1511.01873]

Model a DF’;rmionicDD DN?caIar )5) Exotic charges # of N'plets
e e e
2B | Y 7 a
2D o e Y % 1
B e
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Conclusion

S. Esch, MK, C. Yaguna, 1804.03384, JHEP (under review); R. Longas, D. Portillo, D. Restrepo, O. Zapata, JHEP 1603 (2016)

162 [1511.01873]

Model a DF’;rmionicDD DN?caIar )5) Exotic charges # of N'plets
e e e
2B | Y 7 a
2D o e Y % 1
B e

Potential in T1-2-A with a = 0:

_Escalar

*»Cfermion

*ﬁlepton

2

%x[) [(%H)z v h.c.] +A [qﬁEHqﬁs + h.c.]

Yo, Hibs + yatbp, Hibs + h.c.
g1iLliosvp, + gili¢pts + h.c.

1
“AsGEHP + AplopP|HI? + Nploh HI?
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Direct detection and lepton flavor violation in T1-2-A

S. Esch, MK, C. Yaguna, 1804.03384, JHEP (under review)

os1 (pb)
BR(p— en)
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- = PandaX
Howoe XENONRNT |- ....................................... ..........
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Without coannihilation.
19 /24



Motivation
00000

Radiative seesaw models
0000000000008 000

Conclusion
o]

Direct detection and lepton flavor violation in T1-2-A
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Class T1-1

C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz, S Pascoli, Phys. Rev. D77 (2008) 043516;

Y. Farzan, Phys. Rev. D 80 (2009) 073009

Fermionic Scalar . )

Model a DM DD DM )5) Exotic charges # of N'plets
+2 X X 241 v v 4
TI--A —5 I, | v To, 241 7 X 3
+2 342 X 241 v v 4
Ti-1-B 5 3% 7 To,201 7 X 3
TI1C | £1 | 2341 | X To, 241 7 7 7
" i 21 < 1o, 21, 32 7 7 Z
THD — 15 T 21,3 7 x 7
TILF | 1 | 241 X | 221,30,342 | 7 7 Z
+2 X X 241,342 v v 4
T1-1-6 —5 v 211,30 7 X 3
+2 342 X 241,342 v v 4
TI--H —5 3% | v 341,30 7 X 3
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Class T1-1

C. Boehm, Y. Farzan, T. Hambye, S. Palomares-Ruiz, S Pascoli, Phys. Rev. D77 (2008) 043516;
Y. Farzan, Phys. Rev. D 80 (2009) 073009

Fermionic Scalar . )

Model a DM DD DM )5) Exotic charges # of N'plets
+2 X X 241 v v 4
TI--A —5 I, | v To, 241 7 X 3
+2 342 X 241 v v 4
Ti-1-B 5 3% 7 To,201 7 X 3
TI1C | £1 | 2341 | X To, 241 7 7 7
i 21 < 1o, 21, 32 7 7 Z
TAD 21 3 7 X 3
TILF | 1 | 241 X | 221,30,342 | 7 7 Z
+2 X X 241,342 v v 4
T1-1-6 —5 v 211,30 7 X 3
+2 342 X 241,342 v v 4
TI--H —5 3% | v 341,30 7 X 3

Potential in T1-1-A with e = 0 (“SLIM Model"):
—L = J[HT(i02)® + Re[a(H (i02)6)?] + Aai*H'H
giaN;®TL,

21 /24
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Scalar as Llght as MeV - solution to missing satellites?

Y. Farzan, Phys. Rev. D 80 (2009) 073009; A. Arhrib, C. Boehm, E. Ma, T.C. Yuan, JCAP 1604 (2016) 049

Constraints (scalar or fermion DM):

e Unitarity, vacuum stability, non-tachyonic masses
e LEP invisible Z decay, AS and AT; LHC H decay

22 /24
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Scalar as Llght as MeV - solution to missing satellites?
Y. Farzan, Phys. Rev. D 80 (2009) 073009; A. Arhrib, C. Boehm, E. Ma, T.C. Yuan, JCAP 1604 (2016) 049
Constraints (scalar or fermion DM):

e Unitarity, vacuum stability, non-tachyonic masses
e LEP invisible Z decay, AS and AT; LHC H decay
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Models allowing for gauge coupling unification

C. Hagedorn, T. Ohlsson, S. Riad, M.A. Schmidt, JHEP 1609 (2016) 111 [1605.03986]

Model m P1 P2 P3 P4 A(GeV) a7i(h) Almeln) fe
(%) (%)

TLLD 1 (1,2, 3)s (1,1,0)s (1,2, 5)r (1,3,1)s  1.3-10% 384 7.7 3.9
-1 (L,2,-3)s (L1,-1)s (L2,-3)r (1,3,0)s 3.1-10"% 382 3.2 1.7

Ti-22A 0 (1,1,00p  (1,2,3)s (1,1,0)s (1,2,H)r  53-10"% 394 4.1 2.9
T19.B 0 (1,1,0)5 (1,2,3)s (1,3,0)s (1,2,3)p  4.6-10" 384 5.6 2.9
-2 (L,L-p (1,2,-3)s (L,3,-1)s (1,2,-3)p 321012 359 0.54 0.28

T1-3A 0 (L,1,0)p  (1,2,3)r (1L,1,0)s  (1,2,-3)p 28-10"% 377 6.5 3.3
a0 (1,1,0)s (1,3,1)s (1,2, 5)r - 1.6-10" 373 4.4 2.3
-2 (L,1,-1)s  (1,3,0)s (L,2,-3)r - 4.0-101% 387 0.21 0.11

Ti-3-A 0 (L,1,0)p  (L,2,)r 2(1,1,0)s - 6.9-10"%  39.8 7.4 4.0
T1-3-B 0 (L,L0)pr  (1,2,3)r 2(1,3,0)s - 5.7-101% 389 2.5 1.3
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Conclusion

Minimal dark matter models:
e Bottum-up, small parameter space, often completely testable
e Best motivated, if they solve also other SM problems
e Intriguing: Connection to Higgs, neutrino masses, unification
e Many models (here only 1-loop), larger parameter spaces
e Coannihilation decouples relic density from direct detection
e Lepton flavor violation provides crucial tests
e Many other constraints (indirect detection, LHC)

e Work in progress ...
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