Dark Matter and Leptogenesis
in Inverse Seesaw models
of Neutrino Mass Generation

Francois-Xavier Josse-Michaux

CFTP, IST Lisbon

Based on arXiv:1210.7202 [hep-ph] and Phys.Rev. D84 (2011) 125021

In collaboration with E. Molinaro



Intfroduction

Although the SM Higgs may have been observed,
many observations are left unexplained in the SM:

WMAP

Dark Matter: QDMh2 = 0.112 £+ 0.006

Baryon asymmetry of the Universe: Qbh2 = 0.0226 4+ 0.006

Neutrino masses:
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Intfroduction

my,
RH neutrinos
BAU = DM
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Plan

1) Neutrino mass generation via Inverse Seesaw

2) Scalar Dark Matter: singlet or triplet

... A leptogenesis

... the extended Higgs sector
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Seesaw

Add n RH Majorana Neutrinos, n > 2 —£ > M;N; Nf + on‘ N;H*(, +H.c.

Neutrino mass matrix M., — 0 mg
g mp M

Seesaw: M >mp m, ~ —mD.M_l.m% my ~ M
Majorana masses violate L

Naturally suppressed vs SM if M very heavy M 2 10" GeV

-High energy realizations perfectly viable but...hopeless to probe
mixing 'm,D/M ~ 10710

-Low-energy realizations: suppressed Yukawas
—7
M~ TeV —» mD/MN 10

...not much better
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lnverse seesaw

Impose a global U(T) Lepton, with eg: L(¢) = L(N;) = —L(N>)
—L > MN; NS +mp Nyv;  Conservel

0 mp 0
My=|{mi 0 M
. | 0 M 0
Light neutrino mass
m, — 0 Heavy Dirac N = Pp N1+ Py ]\/'2C
my = M
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lnverse seesaw

Impose a global U(T) Lepton, with eg: L(¢) = L(N;) = —L(N>)

—L D MN NS +mpNyvy, Conservel
+p0 Ny NT + pg Ny Ny Break L

0 mp 0

.MU = m% 1 M

Light majorana neutrino mass 0 M 2
m, =~ (?TLD /M)2 12 Heavy Pseudo-Dirac N1, N2

MmN, » = M + (Ul + MQ)/Z
Lo K 1GeV

Suppressed LNV parameter, while large possible mixing
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~lnverse seesaw

Impose a global U(T) Lepton, with eg: L(¢) = L(N;) = —L(N>)

—L D MN NS +mpNyvy, Conservel
+p0 Ny NT + pg Ny Ny Break L

+My N2 Vi, Break L 0 Mmp M
— T
Light majorana neutrino mass me M 2
2
m, =~ (?TLD /M) 12 Heavy Pseudo-Dirac N1, N2

-|-2(mD/M) Mg MmNy, = M T (}ul + MQ)/Z
o € 1GeV  Me K 12

Suppressed LNV parameter, while large possible mixing

— Build a spontaneous model for this
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Model Content

Field || ¢, o [Np | N; | Hy | H S iS i
ie eR D 3 1 2 | ¢ A g|0b0| U(]) IS Imposed
SU@L || 2 | 1 |8 |1 2|2 |1]3

Ul)y || -1/2] -1 | 0 | o [[1/2|1/2] 0 | 0O
U(l\)B:L 1| -1 | -1 | o 0| 2 |-2]-1

RH Neutrinos: singlet (type 1) or triplet (type lll) of SU(2)

H1~SM Higgs doublet, couple to SM leptons and quark <H{)> = ful/\/i ~ 174 GeV

H2 “almost inert” Higgs doublet, couples only to N and L < > = 1)2/\/_ 2 K ru/\/_
Complex singlet, Majorana mass for N after EWSB
(0) = vs/V2

Their vev break U(1) — Z2
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Neutrino masses:

L D —mNN_gNj‘;—(YﬁN_gﬁ{*(TZ) €5+Y;’2Na HI (T3 fF + == ¢ NEN —I—h.c.)

f
0 yiv1 y219 my ~ TeV
M,=| yilw dnvy my

T Neutrino mass suppression:
y2' v2 my  ONUg

Yo K onvg € 1GeV

2 2
¥ VU v o . .
m”j _ _yiz,y%} 102 Ny Vg <y1 y — 1 4 y% y%_%> Light neutrinos
2my my My
My, , =mn F 0N vg/2 Heavy Pseudo-Dirac pair
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Neutrino masses: tuning issues?

0 yivr Y202
M,=1| yi'vi dyvy my
yalvs my O U
Neutrino mass suppression:

< 1GeV VOu HIH ¢+He v2ox (vp/v1)p

/,L,, Y, o — O GainU(: naturally small parameters

Incidentally, the breaking of U(1) — Goldstone boson : Majoron J
— Suppressed couplings J to SM fermions

— 02 50.2GeV /v /v1

ON Vg K 1 GeV Satisfied easilly
v ~O(107%) gy~ O(1)GeV
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Neutrino masses: gains&losses

This UV completion assumes a global U(1) at high-energies

Explains -small neutrino masses
-the Majorana nature of light and heavy neutrinos

However: above EWSB, N are Dirac particles
Standard Leptogenesis scenario cannot explain the BAU

But: N are charged under U(1): they can bear a L asymmetry
U(1)-conserving scatterings can transfer a N asymmetry to SM leptons

—— > Aleptogenesis variant
Via inclusion of new particles: a DM candidate
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Leptogenesis (in a nutshell)

Field || ¢o | era | No | N5 || Hi | Ho | & || S

SU(2)L, 2 1 3 1 2 2 |1 3

Uy || -1/2| -1 0 0 ||1/2]1/2] 0] 0

U(1)x 1 | -1 | -1 Lo | o 2 | -2 | -1

£ > —myNp Ny — (YA NB " () th + VN5 Y (T3)8 quzva )
HM?,EN?? - (hsaN_gNg - %5%* + h.c.>

CP asymmetry in N3 decays:

FXJM — Discrete 2012 04/12/12

works well at the TeV-scale in the singlet case

Triplet version is lower bounded mN > 1.5 TeV

Certain amount of tuning required:
suppressed couplings o compensate
strong washouts
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Dark Matter

Scalar Dark Matter candidate S Charged under U(1)
Singlet or Triplet of SU(2) — stability by the remnant Z2

Relic density following the freeze-out of annihilations

Singlet case: Higgs portal couplings ‘ S|2 HT H

Triplet case: irreducible gauge-boson contribution
The only peculiar features of our model are

-the large number of Higgs portal channels
-the complex triplet S
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Dark Matter: spectrum

Triplet case:
Voum = ueS*S+\s(S*9)? + N (SITES) (SVTES) + Fy HY H1S*S + Fo Hy HyS™S + F3 ¢ 9S™S

+ F{(H{TgH) (S'T88) + Fy (HIT3 Hy ) (STTES) + M S2H] Hy +H* ™ H] H,

- 7(5245 + 5*%¢)

S = (cos(fs) S7 +sin(bs) Sz, Sn, cos(s) Sy — sin(f;) SE)T

. , 52 1/2 N ) 1 1/2
_ — 4 4
mSL(H) - < my + = 9 > ’ mSL(H) o <m0 + § \/ 50 + 5:&) 5

my = HS+(F1U1+FQUQ‘I‘F3U¢)/
58 = 2u v¢ 27—[1)11)2

But: in the triplet case, at tree-level 0% = (Frvf + Fpu3)/2
SO is heavier than SL+ =0 in the smgle’r case
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Dark Matter : triplet viability

Loop-corrections:

T 0 . + 0 -
(msL(H) - mSL(H)) Toop (mSL(H) B mSL(H>> free + 0 Om = 166 MeV

Cirelli et al

Constraints on the coupling F1’

Maximal F;'

5000°f

14 1072 1o+ 1
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DM: relic abundance

Freeze-out mechanism

-Singlet case: Annihilations through
Higgs portal couplings

Annihilations to Gauge Bosons or Scalars

Annihilation Br

1400 1600 1800 2000 2200
mpm [GeV]
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Dominant DM Annihilation Channels

0.8

o

6F

0.4

0.2r

= Mp =300 GeV  =500GeV = 1000 GeV

-Triplet case: gauge contribution
dominate at low mass




In the Singlet case:
Large hSS couplings —Large Invisble Higgs

In the Trlple’r case, mS > 1290 GeV

2000

1800

Mpm [GeV]

1500

1400¢

0.0 0.2 0.4 0.6 0.8

DM: mass

Singlet Case

1900} . 2™

> 1700}

1600¢

-4.0 -3.5 -3.0 -2.5 -2.0
Logyo(Fy)

52 1/2
0

1 1/2
+ 2
mSL(H) - (mO + 5 53 + 52%:)

6g /Mg

Small d0/m0 : Effectively doubles the number of DM particles
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DM: detection

Singlet case Direct Detection

.
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Triplet case : only large couplings F1 ) can be probed by XENON 1T

At colliders: SL* — SL° + pions : SL cannot be determined
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-We propose a UV-completion of the Inverse Seesaw

+ 2 RH Neutrinos, singlet or triplet of SU(2)
+ 1 Higgs doublet
+ 1 Higgs singlet

— Large Higgs sector: potentially large deviations from SM

-Dark Matter in the same irrep than RHN

MDM >~ 60 GeV for singlet
MDM >~ 1300 GeV for triplet
Observation prospects are hard.

-BAU via leptogenesis, by the addition of a Majorana fermion N3

Couples DM and RHN
Requires tuning of the parameters, specially in the triplet case
Triplet case can be ruled out by observation of a triplet fermion @ LHC

— Alternative BAU mechanism within this model to reduce tunings and RHN mass scale
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Baryon asymmetry of the Universe
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Standard Leptogenesis

Generation of a lepton asymmetry tfransmitted to baryons via sphalerons

In type | or lll seesaw:

- infroduction of Majorana Neutrinos N

- their decays to leptons or anti-leptons are slightly differents
- L asymmetry produced in N decays; subject to washouts.

High-energy realizations are perfectly viable, but unobservable

Low-energy O(TeV) ones require tuning or symmetry
For resonant enhancement of the CP asymmetry in N decays

No-lower bound on mN in singlet case
mN > 1.6 TeV in the triplet one
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The scenario contemplated

It's a leptogenesis > Active sphalerons > Above EWSB

— The global U(1) is conserved and RHN are Dirac particles

—» The standard scenario cannot work

But: through the presence of a scalar S and of a Majorana singlet N3

A 2-step scenario is possible:
-N3 decays produce an asymmetry in RHN

-transfer to lepton via U(1) conserving scatterings (Yukawa&gauge)
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The scenario contemplated

Field £o € Ra Np N3 Hq Ho ¢ S

SU(2)., 2 1 3 | 1 2 2 [ 1] 3

Uy || -1/2 | -1 0 o |[1/2]1/2|0] 0

U(1)x -1 1| -11] o0 0 2 | -2 | -1

Na NG Na I7J* (a ~aC 77i* (a 0 Na \Ta
L D —mNN%ND—<YlegH{ (T5)k s + Y, Ng~ H} (TQ)jk£§+\/—]‘%¢NDNDC+h.c.>

1 ENAR N anNTa ,U/” *
—5 Ms Ny Ny~ - (hS NDNg—ESng —|—h.c.>
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Washouts and transfer to leptons

As in standard leptogenesis, many interactions participate fo washout interactions

Inverse decays AN = 2 AN =1
N3 & NDS NpNp < 55 +cs. NDSHN3¢‘|‘C-S- Singlet & triplet

NpNp <+ 9A,+cs. N3S+ NpA,+cs. Triplet

The washouts are typically very fast at low-scale: small couplings required

Transfer o leptons:  Np t <+ £C) + c.s.
NpH; &0V +cs.

The scatterings should be fast enough for efficient transfer:
Neutrino mass constraints on neutrino Yukawa couplings suffice
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singlet case

Succesfull BAU

100 GeV

10TeV and y’=

Succesfull BAU

eg mN

Efficiency of N asymmetry creation

= 100 GeV

»

7

103

10°°

104

105

N asymmetry production mostly fixes BAU production as the transfer to lepton is efficient
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Succestull BAU: triplet case

Singlet and triplet cases are similar, were it not for the gauge scatterings

ps=2TeV, 6y=10"° |h|=107°, u" =1 TeV us=2TeV, my=2 TeV, |hi=10"°, 10% Degeneracy

20 3000

15

10

Degeneracy (%)

=

I ! R |
5x 1D 10° 5%x10°° LB

1500 2000
my [GeV] On

-Smaller coupling values are necessary to suppress the washouts
-Larger y” to increase the CP asymmetry
-Lighter N at the cost of a (potentially large) tuning between N3 and N&S masses
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Succesfull BAU

-The singlet case works well at the TeV scale:

Potentially large LFV are possible

-The triplet case is lower bounded: typically mN> 1.5 TeV

The observation of a TeV fermion triplet can exclude this BAU mechanism
(as in usual type lll seesaw)
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Higgs sector phenomenology
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Scalar spectrum

2 doublets H1, H2 and 1singlet @
Vs = —ui (H{ Hy)+ X\ (H] Hy)? — p3 (H} Hy) + Mo (H] Hy)® — 113 6% ¢ + A3 (67 ¢)°
+  wig (HY Hy) (HY Ho) + w4y (HY Ho) (H3 Hy) + r1g (HY H1)¢* ¢ + ko (H Ho)¢* ¢

/

— = ((#] Ha)¢ + (H] H)g")

V2
, he o\ _ V2Re(H?)
Spectrum: | ho HO ( HY ) = R(=0) < V2Re(9) )
3 CP-even
scalars ha ~ V2Re(HS) mpo =~ 126 GeV
40 0
ychodd A ™ V2Im(H;)
scalars J ~ \/ﬁlm( ¢) J: Majoron, Goldstone boson associated

to the spontaneous breaking of the global U(1).

+ +
A charged scalar H-~H 9 The coupling of J to SM fermions fixes the
VevHierarchy V2 < Vg, U1
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Analysis of LHC data

Higgs signal strength:
a(pp — H); x Br(H — 1)
o(pp = h)?™ x Br(h — 1)SM

wi(H) =

Production:  -No colored particles introduced: the loop h < gg not affected

o(pp — ho)i
o(pp — h)ZSM

= cos?(0)

-All production channels equally rescaled:

Decays:  -All couplings rescaled
-Extra invisible decay channels: in particular h — J J

-Extra charged particles: h diphoton decay affected
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Analysis

Fit of ATLAS and CMS data (pre-HCP)

Channel: TT bb | WW | ZZ | v

% 0.15 | 0.49 0.9 0.88 | 1.67

o; 0.7 | 0.73 0.3 0.34 | 0.34

-B and tau channels considered as upper bound only
-W, Z and photon channels fitted

Electroweak precision data: ~ §=00+01, T=002+011, U=003+0.09

Form and minimize a Chi?

2 0yy _ (115 (R0) — 4is)?
Clua(h®) = > =
i=v,Z,W,8,T,U v
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Invisible decays

Spectrum fixed: h® — JJ only invisible decay

0.4 0.6

S
Br(h®= ) ))

Large Br(inv) from larger decay width
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The diphoton rate

F(hO/HO _}fw) B Gﬂa2 mho/Ho Z N Q2 )\hO/HoA miO/HO _|_}\h°/H0A m%O/HO B
D A WP YR AL T
Eg: Djouadi
New contributions from charged particles:
5 - In particular H* can be light enough
&
23
=
£ Large enhancement possible
s
=
1

300
my- [GeV]
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