AMEND

Michael A. Schmidt

Institute for Particle Physics Phenomenology
Durham

16 Sep 2011

Flavour and the Fourth Family

based on:
Y. Farzan, S. Pascoli, MS [JHEP 10 (2010) 111] and work in progress



AMEND

A Model Explaining Neutrino masses and Dark matter

Michael A. Schmidt

Institute for Particle Physics Phenomenology
Durham

16 Sep 2011

Flavour and the Fourth Family

based on:
Y. Farzan, S. Pascoli, MS [JHEP 10 (2010) 111] and work in progress



Radiative Neutrino Masses and Dark Matter

Michael A. Schmidt

Institute for Particle Physics Phenomenology
Durham

16 Sep 2011

Flavour and the Fourth Family

based on:
Y. Farzan, S. Pascoli, MS [JHEP 10 (2010) 111] and work in progress



Radiative Neutrino Masses and Dark Matter

Michael A. Schmidt

Institute for Particle Physics Phenomenology
Durham

16 Sep 2011

[ Flavour and New Electroweak-Scale Particles ]

based on:
Y. Farzan, S. Pascoli, MS [JHEP 10 (2010) 111] and work in progress



Outline

® Introduction
® Radiative Neutrino Mass Generation and Dark Matter
® AMEND: A Model Explaining Neutrino masses and Dark matter

® Conclusions and Outlook



Outline

® Introduction



Neutrino Masses and Leptonic Mixing

Global Fit to Neutrino Oscillations [schwetz Tortola Valle (2011)]

Best-fit Allowed range (30)
sin” 61, 0.312 0.27...0.36
sin? 83 0.52 0.39...0.64
in? 61 0.013 0.001...0.035 (n.h.)
0.016 0.001...0.039 (i.h.)
Am3, [107°eV?] | 7.59 7.09...8.19
2.50 2.14...2.76  (n.h.
Amg [0V 00 | 213~ 267 Ei.h.))
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Mass measurements

» Tritium end-point measurement Z |Uei|?m? < (2.3eV)? (95%CL)

[MAINZ experiment]

* Neutrinoless double beta decay Z U2m;

< (0.35 — 1.05) eV

1
[Heidelberg-Moscow, NEMO3, CUORICINO experiment]

+ Cosmology Z m; <

0 44 — 1. 5) eV [Gonzalez-Garcia, Maltoni, Salvado (2010)]



Neutrino Mass Generation

Open Questions

» Nature of neutrinos: Dirac vs. Majorana

Absolute neutrino mass scale

Mass ordering

Only hint for third mixing angle 613
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Open Questions

» Nature of neutrinos: Dirac vs.

» Absolute neutrino mass scale

» Mass ordering

* Only hint for third mixing angle 83

» CP Phases 9, 1, ¢o

Weinberg operator

Assumption: Some underlying physics
generates this effective operator and
therefore leads to non-vanishing neutrino
masses.



Sta ndard SeesaW [Minkowski; Yanagida;Glashow;Gell-Mann,Ramond,Slansky; Mohapatra,Senjanovic]
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(mp ~O(Aew) , Mnn ~ O (Ag—1))
leads to effective mass of light neutrinos m, < O (1eV)
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Sta ndard SeesaW [Minkowski; Yanagida;Glashow;Gell-Mann,Ramond,Slansky; Mohapatra,Senjanovic]

(0 mp o~ 1, T

(mp ~O(Aew) , Mnn ~ O (Ag—1))
leads to effective mass of light neutrinos m, < O (1eV)

~

Variants

Type Il (scalar triplet) seesaw

Type Il (fermionic triplet) seesaw




Zee Modelizee (1980)]

* 2 Higgs doublets H;

* charged scalar ¢

(YimeYs)ap (Hj) M;

(my)ap ~ =6 5

2
my



Zee Modelizee (1980)]

* 2 Higgs doublets H;

* charged scalar ¢

(YimeYs)ap (Hj) M; my
(Mv)ag ~ ¢ m n 2 )
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Conditions for Majorana Neutrino Mass Term

» Coupling Lepton doublet £, scalar S, and fermion Fy is allowed
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» Coupling Lepton doublet £, scalar S, and fermion Fy is allowed

» Massive scalar S, and fermion Fj in loop
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Conditions for Majorana Neutrino Mass Term
» Coupling Lepton doublet £, scalar S, and fermion Fy is allowed
» Massive scalar S, and fermion Fj in loop

» Mass splitting between scalar and pseudoscalar in loop
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Conditions for Majorana Neutrino Mass Term
» Coupling Lepton doublet £, scalar S, and fermion Fy is allowed
» Massive scalar S, and fermion Fj in loop
» Mass splitting between scalar and pseudoscalar in loop

« AL = 2 lepton number violation: e.g. Majorana mass term for Fj
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Conditions for Majorana Neutrino Mass Term
» Coupling Lepton doublet £, scalar S, and fermion Fy is allowed
» Massive scalar S, and fermion Fj in loop
» Mass splitting between scalar and pseudoscalar in loop
» AL = 2 lepton number violation: e.g. Majorana mass term for Fy

« Generally discrete symmetry needed to forbid tree-level mass and/or
avoid FCNCs = lightest component of F, S, is stable = DM
candidate



Lepton number violation either in propagator or in vertex

Models with discrete symmetry Z, and coupling to lepton doublet £.
New particles Fx, S, are odd under Z; (SM particles even).

Embed discrete symmetry into a continuous symmetry U(1)x with
U(1)x — Zo.

| U()x  Zp
Lo 0 +
F 1 -
Sa| -1 -

Here, we only consider scalar DM. The scalar mass eigenstates are
denoted by d; ordered by its mass with §; being the lightest.
It works analogously for fermionic DM.
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* My — mass of neutral part.

* M, — mass of charged part.

t—o0

*» /(0)=1and I(t) — 0
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* My — mass of neutral part.

Experimental Limitsipoc 2011, MeG 2011]

Br(u — ey) < 2.4-10712 * M, — mass of charged part.
Br(r — ey) < 1.1-1077 » 1(0)=1and I(t) =50

Br(r — py) < 4.5-1078
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* My — mass of neutral part.

Experimental Limitsipoc 2011, MeG 2011]

Br(u — ey) < 2.4-10712 * M, — mass of charged part.
Br(r — ey) < 1.1-1077 » 1(0)=1and I(t) =50

Br(r — py) < 4.5-1078

Bounds
« Mi/g 2 10TeV
* unless special flavour structure: g < g, (or gu < ge)
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M m (MR )
ST (M -mp2 M

In general for Higgs mediated annihilation (for msy = 140 GeV, My = 75 GeV):

1 4])\L|2vﬁ

h* = 2mul'(h — ...
(0(6161 = h* — ... )v) = 2mpl(h = .. )], o W2 (a2 — )2

Using HiggsBounds: Tax756ev = 17.4 MeV = A & 0.037
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Particle Content

SU(2) UQ) | UQ)x Z»
A 2 ap] o o+
Re | 2 12| 1 -
Re | 2 12| 1 -
A | 3 1 1 -
é 1 o | 1 -

» Symmetry explanation for smallness of couplings U(1)x — Z»
» = here explicit, spontaneous symmetry breaking also possible
» Symmetry protects smallness from large quantum corrections
» Lepton number violation in vertex

Fermion Sector

-G - PN - ERI  [ENMCNT -



One Loop Diagram Generating Neutrino Masses

* neutral scalar mass
eigenstates d;

» with scalar masses M;

* a1 mixing between 67 3

* oo mixing between d5 4

(My)ap = 8a(8n)pTl + &a(8n)pm + (a0 > B)

n = n(mgrr, M, o) i = fi(mgrr, M;, o)



One Loop Diagram Generating Neutrino Masses

» neutral scalar mass
eigenstates d;

» with scalar masses M;
* a1 mixing between 413

* ap mixing between 9 4

(Mv)ap = 8a(En)pfi + Ea(Bn)pn + (o < B)

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

0.05eV M § 300 GeV |sinai| \ mdg—ma

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

2

300GeV\* | gk &

300GeV\* | g g |I°
B =45.10710 ( /=20 ) |Sr s
Hr = a) < MR > 0.10.1

Experimental Limitsipoe 2011, MeG 2011] -
Solutions

Br(u — ey) < 2.4-10712 * mgrr/g 2 10 TeV

Br(r — ey) <1.1-1077 " e < gy (or gy < ge)

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



Electroweak Precision Tests

Fermionic Doubletsimaekawa (1995); Cynolter, Lendvai (2008)]

N

5~0 T~0
2 2 2 2
W ~ 88U My - Bua) my
T 12072 m%, T 12072 m%,

Higgs Triplet

5 . &) ¢ 5., 28 mA LE
T 2472 57612 m?,
7gSU(z) ey 7gU(l) mW
72072 m2A T 48072 m

with ¢ := (mas — ma)/ma and ma.. = ma +2ma-

| 10%5 1037 10°W 10%Y
mp=115GeV | 0.0£240 06+£50 -22+44 6.1+736

[Barbieri. Pomarol, Rattazi. Strumia (2004): Cacciapaglia, Csaki. Marandella. Strumia (2006)]21



Invisible Z Decay Width

If DM particle &7 couples to Z-boson and M; + M, < my:

G sin? ay sin® as 3
z
627

= Bound on mixing angles: sinaj sinap < 0.07

F(Z d 5152) =

22



Collider Physics

* Higgs might decay dominantly invisibly if 2 My < m,

H— 5161, H — 6252 — (611/17)(511/17)

23



Collider Physics

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

H— 5151 9 H— 6252 = (611/17)(611/17)

» Displaced vertex if there is a large mass splitting between 41 »:
For 6, — 81 ™ in ATLAS Muon detector: My — My > 480 MeV/(yv)Y/®
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Collider Physics

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

H— 5151 9 H— 6252 = (611/17)((511/17)

» Displaced vertex if there is a large mass splitting between 41 »:
For 6, — 81 ™ in ATLAS Muon detector: My — My > 480 MeV/(yv)Y/®

New Particles

* New particles couple dominantly to leptons
= although accessible, more difficult to produce at the LHC

* They decay into the SM particles and DM = missing energy

» Measurement of Yukawa couplings via decays of charged particles, e.g.
[(Eg = £5812) o |gal® and T(ATH — £1££6815) < |(8n)agp + (8n)s8a

* Mass relation of triplet 2m2%. = ma.: + m3 testable

2

23
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® Conclusions and Outlook
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Conclusions

» Origin of neutrino masses from TeV scale physics and linked to dark
matter.
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Conclusions
» Origin of neutrino masses from TeV scale physics

» This usually implies a discrete symmetry which leads DM candidate.
» These models are

» The interplay of different experiments imposes strong constraints: DM
detection, LFV, collider, ...

» At the moment, the strongest ones are from LFV rare decays.

» This mechanism also works with a fourth generation.
So, the talk might be justified in this context:

Flavour and the Fourth Family

Neutrino Masses and a Fourth Generation of Fermions

[M. Lindner, MS, A. Smirnov (Sep. 2011)]

25



» Generalization of results [with Y. Farzan, s. Pascoli]
— different groups, gauged group, higher loop orders, particle content

« Symmetry is larger: Z,,, m > 2, U(1), non-Abelian
» Possibly multi-component DM [see e.¢. Batell(2010); Adulpravitchai, Batell, Pradler (2011)]
« DM annihilation more involved: e.g. xx — Xh [D'Eramo, Thaler (2010)]

» LFV rare decays still at one loop level = flavour symmetry needed
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» Generalization of results [with Y. Farzan, s. Pascoli]
— different groups, gauged group, higher loop orders, particle content

« Symmetry is larger: Z,,, m > 2, U(1), non-Abelian
» Possibly multi-component DM [see e.¢. Batell(2010); Adulpravitchai, Batell, Pradler (2011)]
« DM annihilation more involved: e.g. xx — Xh [D'Eramo, Thaler (2010)]

» LFV rare decays still at one loop level = flavour symmetry needed

¢ F|avour Symmetries [with M. Holthausen]

» Study of collider signatures



Discussion: Experimental Tests

® LFV processes

At one loop level unless there is a flavour symmetry

Strongest bound today from u — ey

What are the experimental prospects for further constraints?

What about other LFV processes like 7 decays?

experiments

Direct detection experiments: future prospects? Can the current low
mass DM hints be explained?

In future: constraints from indirect detection experiments
High-energy neutrino flux from sun. Further improvements?

8 Collider searches:

What branching fraction is acceptable for invisible Higgs decay?
New particles couple to EW gauge bosons

Decay channels: directly into leptons plus missing energy or via EW
gauge bosons

What is the potential reach of the LHC for these particles?

Can the LHC exclude these models in combination with the other
experiments?

27



Thank you very much for your attention,



Thermal freezeout one species

Assumption: thermal production after
inflation

Annihilation rate related to production
rate

Quasi-degenerate scalar masses
because of approximate U(1)x
= both species have to be considered

If 012 K 011,020 = 51 and 52
produced and later §, — d1vi

S (0(8i6i — ... )v) =3-1072° T
i=1

10

sec




2 2 2 2
gt o o 1gegsl? (matmE) (M + M)
<O’(5,5J — Zalﬁ,VaVﬁ)V> T 327 (MiMj + m%:)2 M,'Mj

8a,p — Yukawa couplings
Mg, g — final state fermion masses
Dominant annihilation into 777~ pair (for similar Yukawa couplings)

One possibility to obtain a dominant annihilation into leptons
(PAMELA, FERMI, ...)



Detection of WIMP Dark Matter

indirect detection: vy,v,e™, ... CRESSTH

Phonon

?
CDMS @~ . CRESST
~

Edelweiss 4

Charge ., Light

TEXONO ZEPLIN  pAMA/LIBRA
KIMS

direct detection

31



Thermal Dark Matter Thermal Dark Matter
xx > Tt XX -~ b5

100 1000 10*
my, [GeV]

my [GeV]




m, [GeV]

[Kopp, Schwetz, Zupan (2009)]

o 7GeV < My < 11GeV with o, ~ 107 cm?-10%° cm?

f\? /8GeV\?2
LA 1.3x 10740 <> ( > 2
o 3x10 03 My cm

» Might also explain DAMA for intermediate channelling




» Number of WIMPs: N = C — AN? — EN
» Capture rate
C(ppm, v, mpm, o) ~ 1.3-10%sec™" o« ppyo v! mB,%/,”
« Annihilation Rate A = (ov) / Ve
» Evaporation rate E ~ 10~ (3 (mom/ GeV)+4) E)-lgg’cnﬂ> sec™?

Bounds

— Super-K
= =+ Edelweiss
== CDMS
ZEPLIN
[ DAMA

£
2
S
S
@
7
@
@
<
8]
c
S
2
S
>
c
]
o
2

[Hooper,Petriello, Zurek, Kamionkowski (2008)]

[SuperKamiokande (2004)]



Particle Content and Symmetries

SUB3)e SUR). U@y | UW)x[Z2] | UMW) U U

S 2 1/6

uld) 3 1 2/3

a9 | 3 1 1/3

N 1 2 11/2 0[+] +1 1 +1
el 1 1 1 0[+] 1 +1 1
H 1 2 1/2

Rr 1 2 1/2 1[- +1 41 41
R, 1 2 1/2 A 1 1 1
A 1 3 1 1] 0 0 -2
¢ 1 1 0 1 0 0 0

35



Yukawa Couplings

Particle Content

Ul)x Z2 UML) Ul)e U@)s
A 0o + 4 1 +1
Re | 1 - 41 41 41
RE| -1 - a1 -1 -1
Al 1 - 0 0 )
¢ | 1 - 0 0 0

» Dirac mass mggr = 100 G¢

(1)x breaking
(1)x breaking

. R gaquRTgLa _

EXEN - [N -+

36



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
SR HT io,ATHe N

TioaATH¢ Bl 156° EEINe

" 5 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(¢)

37



Neutral Scalar Masses

¢=(¢1+i¢2)/V2 A® = (A1 +i D)/V2
o1 cos ap 0 sin 0 P1
o> _ 0 Cos an 0 sin as ¢o
63 | | —sinag 0 cos ay 0 AN
04 0 —sinap 0 cos ap JAVY
4 2
m m
M2 m? 98 G52 _ o A 2
= R S = s S
2
m m
2 2 A ~2 YN
M = my 2 — m2 +m¢+2m2 — 2 Men
A ¢ JAN ¢
2
2 p) ¢A -2
M3 ~ mp + 2 a—LL TN
JAN [
M2~ m2 _ QL%'A;,F
4 — A mzA i mi ¢A

mixing angles: |tan2o4| >~ |tan 2a;| ~ 2m§A/(m2A - mi)



One Loop Diagram Generating Neutrino Masses
» neutral scalar mass
eigenstates 0;

» with scalar masses M;
* a1 mixing between 413

* ap mixing between 62 4

n = n(mgr, Mj, a;)
fj = fi(mgr, Mi, ;)
.  MgRr M2 m2 M? m> i
U AN (m2 _3 N2 In /\/72’? R _1 N2 In /\55 sin2a; + [(1’ 3) - (2’ 4)]




One Loop Diagram Generating Neutrino Masses

» neutral scalar mass
eigenstates 9;

» with scalar masses M;
* a1 mixing between 413
* ap mixing between 62 4

(Mv)ap = 8a(En)pfi + a(Bn)sn + (o < B)

=2 2 2 2 2 =2 2
. Mrr [ MgMga MrR |y MRR 1y, MRR ) _ Ma | MRr
n= 1672 \ m2-m2 \ m%, — m- m2 M? m%, — m> ma
RRMA RR A A i RR A A
2 2
MRR PN I Mep

- 2 2 2 2
1672 mpe — ma ma

) =



One Loop Diagram Generating Neutrino Masses

» neutral scalar mass
eigenstates 9;

» with scalar masses M;
* a1 mixing between 413
* ap mixing between 62 4

(Mv)ap = 8a(En)pfi + a(Bn)sn + (o < B)

m, 70 GeéV 50 MeV mge 0.1 ( m2e > -
0.05eV M, 5 300 GeV |sinas| \ mag—m2

m, 300 GeV 1 GeV? < ma >2 mig — ma <|og m%?R) o
0.05eV mre 3, \500 GeV z m2
m, 300 GeV 0.1 mig — mA (I mRR\ i

n N X7 I DL

g8a ~ 4.0 x 107°

g8 ~ 4.5 x 107°
mu

ZBr~18x10""°
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