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Conditions for Majorana Neutrino Mass Term
+ Particle in loop have to couple to SU(2); doublet
» Massive scalar and fermion in loop
» Mass splitting between scalar and pseudoscalar in loop

« AL = 2 lepton number violation
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Conditions for Majorana Neutrino Mass Term

Particle in loop have to couple to SU(2), doublet
Massive scalar and fermion in loop

Mass splitting between scalar and pseudoscalar in loop
AL = 2 lepton number violation

Discrete symmetry to avoid FCNCs and Dirac mass term
= 7° stable particle = DM candidate

But no symmetry explanation for smallness of couplings



Particle Content
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» Symmetry explanation for smallness of couplings U(1)— Z,
» = here explicit, later spontaneous

» Symmetry protects smallness from large quantum corrections

Fermion Sector
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Particle Content and Symmetries
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Yukawa Couplings

Particle Content
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» Dirac mass mgr = 100 Ge
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U(1)x breaking
* 14, U(1)x breaking




Higgs Potential

Particle Content
| UMx Ze UM UML)z U()s
JAN 1 = 0 0 =2
) =1l = 0 0

» DM coannihilation into SM Higgs boson h3

» Direct mass terms

2m3
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TioaATH¢ Bl 156° EEINe

< J5 U ¢ x U(1)a = U(1)x
. /14 1)x — Zp, mixing ¢ and A
. U(l)x — Zo, mass splitting of Re(¢) and Im(¢)




Neutral Scalar Masses
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Neutral Scalar Masses
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One Loop Diagram Generating Neutrino Masses

» neutral scalar mass
eigenstates d;

» with scalar masses M;
* a1 mixing between 413

* ap mixing between 9 4
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One Loop Diagram Generating Neutrino Masses

» neutral scalar mass
eigenstates d;

» with scalar masses M;

* a1 mixing between 413

* ap mixing between 9 4

(mu)a,ﬁ = [ga(gA)ﬁ + gﬁ(éA)a]ﬁ + [ga(gA),B + gﬂ(gA)a]T/

-1
gEn ~ 4.0 x 1070 ¢ 70 GeV 50 MeV.  mgr 0.1 ( MR >

0.05eV M, 5 300 GeV |sinay] 2

2
Mgr — My

m, 300 GeVlGeV2< N >2 Mz — MA lo mp -
0.056V mrr i, \500 GeV m3 & m3

N ma
m, 300 GeV 0.1 mZp— mi <Iog m%;;) i

0.05 eV  mgrr sinai ma m2

g8 ~ 4.5 x 107°

Z8r~18x10""°



Lepton Flavour Violation
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Lepton Flavour Violation
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300GeV\* | gk &
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Experimental Limitsipoc 2000 (90% cL)] .
Solutions

Br(u — ey) < 1.2-1071 * mrr/g > 6TeV

Br(r — ey) < 1.1-1077 * e K guorgy<Kge

Br( )< 45-10°8 (allowed by flavour structure)
(T — uy) < 4.5-

Anomalous Magnetic Moment of Muon

v 4
5(g —2)u/2 ~ 1071 <%> |g#|2 < exp. uncertainty
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Thermal freezeout one species

» Assumption: thermal production after
inflation

» Annihilation rate related to production
rate

» Quasi-degenerate scalar masses
= both species have to be considered

v 012 K 011,020 = 51 and 52 produced
and later 6, — d1vv

. ((52—>51 17

in a1 1 . : .
14 <5o MeV> ( ) sec

° 3
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L PP(ME — mp)t2

= (omv) = =

L 2 M2 — m?2)3/2
crH?v> ~ Nc| L] me . (M3 ’3”f)
T (4 M7 — m;)? M;

In general for Higgs mediated annihilation:
* 1 4|>\L|2VEI
(0(6161 = h* = .. )pv) = 2mal(h = ..),, Somy V2 (G0 — m2)?

Using HDecay: Movw70cey = 8.3 MeV = \; ~ 0.07
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CDMS-II
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« M; ~ 20-50 GeV and ¢, ~ 10~** cm?-10~* cm?

« for My =50GeV, mp = 120GeV = ¢, ~ 5.4 x 10~ <

0.14




Elastic S| Scattering

CDMS-II
« M; ~ 20-50 GeV and o, ~ 10~* cm?-10~* cm?

£\2
« for My = 50GeV, mj, = 120GeV = o, ~ 5.4 x 10 * (014) cm”

CoGeNT/DAMA
¢ 7GeV < My < 11GeV with g, ~ 107* cm?-10~%° cm?

f\? /8GeV?2
a2 1.3x 10740 () ( ) z
o 3 x10 03 M cm

» Might also explain DAMA for intermediate channelling
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Elastic S| Scattering

CDMS-II
« M; ~ 20-50 GeV and o, ~ 10~* cm?-10~* cm?

£\2
« for My = 50GeV, mj, = 120GeV = o, ~ 5.4 x 10 * (0 14) cm”

CoGeNT/DAMA
¢ 7GeV < My < 11GeV with o, ~ 107* cm?-10%° cm?

f\? /8GeV?2
a2 1.3x 10740 () ( ) 2
o 3 x10 03 M cm

» Might also explain DAMA for intermediate channelling

However, a proper analysis is required to make definite statements, whether
it is possible at alll
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Best fit in [schwetz, Kopp, Zupan (2000)1: My = 10 GeV with ¢, ~ 1 X 1079 cm? which
corresponds to o, = 3.3 x 10~ *cm?

fo/fn = —(1 — 4sin® 8yy) ~ —0.08
op = 8 sin? o sin? ay G,%—/Lgln
T
~ 6 x 107 (sin a3 sin a»/0.07)* cm?

» It can explain DAMA if

+ light yield of XENON10/XENON100 is conservative
« channeling taken into account for DAMA (in an optimistic way)
« but elastic scattering can not be neglected

* 6, decay: 75, ~ 7 x 10*° (20 keV /8)° (0.07/sin a1 sin az)’ s
* Increase of energy density for neutrinos

Doy, _py—p, - & Qpu

~ <12x107*
12% 12% QI/ 2M1 Qu ~ '




Neutrinos From Sun

» Number of WIMPs: N = C — AN? — EN
» Capture rate

C(ppm, v, mpy, 0) ~ 1.3 -10%sec™?
» Annihilation Rate A = (ov) / Ve

« Evaporation rate £~ 10~ (5(mom/GeV)+4) (

1 71 ”

OH

5-10%9cm?

X PpMO V'~ Mpy,

) sec™!
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» Number of WIMPs: N = C — AN? — EN

» Capture rate
71 ”

C(ppm, v, mpm, o) ~ 1.3-10%sec™" o« ppyo v! Mpw
« Annihilation Rate A = (ov) /Vesr

Z( GeV)+4) OH -1
s(mom/ e 5.10%9cm? ) >°

» Evaporation rate £ =~ 10~

Bounds{Hooper.Petriello, Zurek, Kamionkowski (2008)]
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[SuperKamiokande (2004)]



Indirect Detection

» Possible DM signals in 7y-rays (e.g. EGRET, Fermi-LAT), neutrinos
(e.g. IceCube), positrons (e.g. PAMELA), anti-protons (e.g.
PAMELA), anti-deuterons (e.g. AMS-02, GAPS)
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* Possible DM signals in y-rays (e.g. EGRET, Fermi-LAT), neutrinos
(e.g. IceCube), positrons (e.g. PAMELA), anti-protons (e.g.
PAMELA), anti-deuterons (e.g. AMS-02, GAPS)

« Either diffuse background or point sources with a presumably large

dark matter content like dwarfs

Signals from PAMELA, Fermi-LAT,...

@
o
>
]
e
S
-
T

10°
E (GeV)

10°
[Grasso (2009)]

Positron excess in PAMELA

Bump in charged lepton flux in
ATIC/BESS, FERMI/HESS

= can be explained by
acceleration of secondaries
[Blasi,Serpico (2009); Ahlers, Mertsch, Sarkar (2009)]
as well as pulsars

Study of nuclei in cosmic rays

can refute or confirm

explanations
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Constraints

Electroweak Precision Tests: Higgs Triplet

gSZU(2)
G = =
2412 ¢

2585u(2) 3 &
5762 mz,

with € := (ma.+ — m3)/m4a and ma.. = ma +2ma.
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Constraints

Electroweak Precision Tests: Higgs Triplet

g &su(2) ¢ b 2585u(2) ma £
2472 ~ 576m2 m?,
with € := (ma.+ — m3)/m4a and ma.. = ma +2ma.
Invisible Z-Decay Width

« DM particle §; couples to Z-boson via mixing of A°

« If My + My < mgz, the corresponding Z-decay width is

3 9 R
[(Z = 618) = GF sin“ &1 sin a2m3

6+/27 z

» Bound on mixing angle in scalar sector: sin ay sinap < 0.07,

ie. méA < mj (protected by U(1)s x U(1)a)

24



Collider Physics

Higgs Search
» Higgs might dominantly decay invisibly if 2 M; < my,

H— 61(51, H— 6262 = ((511/17)(611/17)

» Displaced vertex if mass splitting large d» — dutp™
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Collider Physics
Higgs Search

Higgs might dominantly decay invisibly if 2 My < my,
H— 61(51, H— 6262 = ((511117)(611/17)

Displaced vertex if mass splitting large 6> — d1pu"

New Particles

New particles accessible at LHC

... decay into the SM particles and DM = missing energy
Mass relation of triplet 2m2A+ = m2A++ + mzA
Expect small mass splitting m2A++ = m2A+
Determination of g,: Br(Eg — £,01,2) ]ga\z
Determination of ga: decay modes of A and AT,

especially F(A*" — £54612) o |(8n)ags + (En)p&al®

25
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A Ite rna t i ve S cena ri O[Boehm, Farzan, Hambye, Palomares-Ruiz, Pascoli (2006)]

» Not U(1)x symmetry but lepton number L or B — L = ga not small
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Not U(1)x symmetry but lepton number L or B — L = ga not small
DM annihilation

Neutrino Mass generation

Direct relation between neutrino mass and DM annihilation
= light dark matter M; ~ O (MeV)

MeV scale dark matter might explain the 511 keV -y line measured by
SPI/INTEGRAL [Weidenspointner (2007)]




Particle Content

SU(2) U(1) | U)x Zo
U -1 0 +
Nr 1 0 1 -
N 1 0] 1 _
n 2 -1 -1 -
¢ 1 0 -1 -
1) 1 0 -2 +




Particle Content

SU(2) U(1) | U)x Zo
A 2 0+
Ng 1 0 1 -
N, 1 0 1 -
n 2 -1 -1 -
¢ 1 0 -1 -
1) 1 0 -2 +
» Neutrino masses from pseudo Dirac neutrinos N
Keo A2 2k
S 54;6:277545 <¢>m4Hn£ LSO (Yn)ia(Y)se fi(m, Yics Yar, me
n My iJ



Particle Content

SU2) UQ) | U)x Zo
A 2 0+
Ng | 1 0 1 -
N |1 0 1 -
7 2 -1 -1 -
¢ 1 0 1 -
¢ 1 0 2+

Mop ~ 5 " 2 Z (Yn)ia(Yn)jg fii(mn, Yir, YRR, me,
16m my my

» LFV similar: (my, m,-)/Yn 2 6 TeV (unless special flavour structure)



Z/

Gauge kinetic Lagrangian

1 1 €
Lya) = ZF% + ZF)% + 5 FxFy

7 in loop induces

€~ EX8Y In /\:
~lem? o pg

102 10?

my (GeV)

[Bjorken Essig,Schuster, Toro (2000)]




102 107!

Z/
Gauge kinetic Lagrangian

1 1 €
Lya) = ZF% + ZF)% + 5 FxFy

7 in loop induces

_exgy , N 102 107

>~ n
16m2  p2 my (GeV)

[Bjorken,Essig,Schuster, Toro (2009)]

Collider
» SM Higgs mixes with U(1)x-Higgs = Higgs mass bounds weakened

» Invisible Higgs decay like in all DM models in which Higgs exchange
dominates
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Conclusions and Outlook

« Neutrino mass can be generated radiatively at the TeV scale and
linked to dark matter
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Conclusions and QOutlook

Conclusions

» Neutrino mass can be generated radiatively at the TeV scale

» Usually a discrete symmetry is needed for radiative neutrino mass
generation

» U(1) gauge symmetry might be origin of discrete Z,

. ltis and the interplay of different experiments imposes strong
constraints

= Strongest constraints from lepton flavour violating rare decays
» Upcoming experiments may exclude or confirm these models

» Higgs searches might be more challenging

Outlook
» Study of a gauged model
» Leptogenesis in models of radiative neutrino mass generation
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Thank you very much for your attention,
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