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Model: Motivation & Description

e After the Higgs dicovery m, = 125.09 GeV/, there are still
unanswered questions: DM, v-mass, EW scale origin, Strong
CP pb, Dark energy, BAU, Inflation ... etc.

e Neutrino oscillation data & Dark Matter and other problems
require SM extension: larger gauge symmetry (LR,
SU(5)..etc), adding extra fields to SM, enlarging spacetime, or
exotic ideas (SUSY, HPGB) .. etc.

e Small neutrino mass can be addressed via seesaw
mechanism(s) or via radiative models.

e In radiative v — DM models (SM+-extra fields), many
theoretical & experiemental constraints should be fulfilled:
vaccum stabilty, unitarity, perturbativity, EWPT, LFV,

h — ~+, relic density, direct detection ... etc.

e Here, our model : Scotogenic model with Majorana DM: IDM
+ 3 N;.
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Model: Motivation & Description

Schotogenic Model with Majorana DM:

Here, the SM is extended by an inert scalar doublet ® and three
singlet Majorana fermions ; ~ (1,1,0), with new Yukawa
interactions [Ma2006]:

- 1 —
£ o {hLiedN; + SMNEN; + hc} — 3|0

A A A
+ IO+ sl HPIOP + TP + T (He) + h.c.] :
The tree-level masses are given by:
1 1

These interactions lead to the one-loop neutrino mass diagram
() (h)
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Theoretical & Experiemental Constraints

e Gauge bosons decay widths:
Myo + Myo > Mz, myx + mypo > My, 2mpyx > Mz | my+ + myo > Myy.

e LFV processes:

2
a0t | 2, 2
Br(éa — EB +’y) — W Z hﬁfhaiF (M, /mHj:) 9 (1)
7rmHi 1

We considered also the constraints on B({n, — (3l3l3).
e EW precision tests: the oblique parameters can be written as

AT = 15 2M2 {F (mfo, mpys) + F (mo, mi) — F (M, moo) }

AS:ﬁ{(zs@—l) G (M2 2 M2) + G (2, . M )+|n( oMo )}



Theoretical & Experiemental Constraints

e The ratio Ry,: ATLAS and CMS collaborations:
Ry := B(h — v7)/B(h — 77)°M = 1.09 & 0.12, then in our
model, we have

) 2
ATV mzh
R )\3'U2 0 4mHi

=1+
Y 2 m m2
2my. Al” <4M’72 ) + N, (Q2A1’72 ( b )

)

e Dark matter relic density: In this model, we have 2
annihilation channels Ny Ny — ¢7¢~,viv. We followed
Jungman1995 to estimate the relic density and the freezze out.
Also, the co-annihilation effect Ny N5 3 is considered since
Majorana mass degeneracy is favored.

e Dark matter direct detection:

57?1\11 Nl(m,y'fgmg)mf\l'Mf
4rv2mf(my+M1)2 )
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Mono-Higgs signature

e We have interesting signatures such as:

Mono-Higgs signature CG\Ws from a Strong

Process Decay mode signature
ppete — HEHT | HE = WEHOAY = qigaNuvg, HF — WFHOJAD 5 g3qaNie 4jets+ Er
HE = WEHOJAY 5 (2upNyvg, HF — WFHOJAY 5 q3qaNii7e 10+ 2 jets + E1
HE = WEHOJAY =5 CrugNyvg, HF = WFHOJA® = (F iy Nove 2+ Er
HE = WEHO /A0 = (g Nyve, HF — (3N, 20+ Er

HE = WEHO A & qugaNyve, HF = (FNy

10+2jets+ Er

ppete — HERUJA

HE = WEHYJA" = i@ Nuve, HO — Nivg

T +2jets + Er

HE = WEHO /A — (v Nywe, HO — Nuvg 1U+Er
pp.ete” — HHY H° = Nivg Er + ISR (mono-jet, mono—y)
etem — NNy stable final state Er+~

e Ferminonic DM implies that A\; 4 = A3 + A4 & A5 are not
subject of either relic density or direct detection, and since
AP(H®) — N,vg, then they behaves as DARK scalars at

colliders.
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Mono-Higgs signature

In order to see the effect of new Yukawa interactions, we consider
two scenarios: (1) h ~ O(1072) and (2) h ~ O(1).

LEP constraints

The following results are obtained due the charginos searches at
LEP, and the neutralinos are irrelevant since A — H°Z — HO¢/ is
forbidden.

First scenario Second scenario
LS e 10 LS e e e

Ay [GeV]
T95%
Ay [GeV]
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Mono-Higgs signature

LHC constraints
We consider

hji/1072 =
_ () ij
mpy, = my,; + 1%, —60.86 — i0.20 —0.30 — i0.80  14.49 — j0.75
mn. = my. + 2% 25.14 — j0.57  —1.12 — i2.49  40.87 + i0.24
N3 — Ny 0. 3.70 + i0.62 1.10 + i3.88  —44.20 + i0.14
Analysis Experiment | Luminosity (b 1) Reference
atlas_conf_2016 050 | ATLAS 33 ATLAS2016b N 0
atlas_conf_2016_066 | ATLAS 133 ATLAS:2016fks
atlas_conf_2016_076 | ATLAS 133 ATLAS:2016xcm 09
atlas_conf_2017_060 | ATLAS 361 ATLAS2017dnw 08
atlas_1704 03848 ATLAS 36.1 Aaboud:2017dor
atlas_1709_04183 ATLAS 36.1 Aaboud:2017ayj 07
atlas_1712_02332 ATLAS 36.1 Aaboud:2017vwy 06 .
atlas_1712_08119 ATLAS 36.1 Aaboud:2017leg a
atlas_1802_03158 ATLAS 36.1 Aaboud:2018doq 05
cms_sus_16_025 VS 129 CM5:20162] 042
cms_sus_16_039 CMS 356 Sirunyan:2017lae
cms_sus_16_048 M5 359 Sirunyan:2018wl 03
ATLAS and CMS searches that were o2
. . 0.1
used to constraint the model using g . . »

100 120 140 160 180 200
CheckMate. mip[Gev]
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Mono-Higgs signature

10°
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Cut flow for H — ~+ at the LHC for my0 = 100 GeV for 3 ab™?.

Cuts SM Higes | Voy Vo | 1otiets | Signal [ 5/B [ c|Uts ?gsgggﬁ 11\/92395‘,/6;4 2;;0;5530 Sslﬂsl 3 55/150*6

Tnitial events 322359 | 128432167 | 24030000 | 365 | 2.4 x 10 © nitial events x 107
e L e _ 2 Photons 2507337 | 18298491 | 73202377 | 2287 | 2.4 x 10

2 Photons 168005 | 2548352 | 6837913 | 218 |23 x 10 .
— Photon PT 2272845 | 8405387 | 67325001 | 1941 | 25 x 10

Photon PT 150570 | 1177335 | 6317263 | 189 |25 x 10 Ratio Tag 2051208 | 6134810 | 50189681 | 1753 | 2.6 x 10~

; Ratio T:Ag 135122 ?33147 ;5820‘3 168 26 % 10: Tnvariant Mass 2048497 | 1228567 | 21714801 | 1741 | 6.9 x 10~
nvariant ‘ ass_ 3549: 358 0665 06 | 6.9 x 10 ATLAS Signal Region | 4882 1889 0 1036 0.15
ATLAS Signal Region | _ 98 151 0 89 0.35 Final Selection 215 315 0 612 024

Final Selection ) 2 0.94
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Mono-Higgs signature CG\Ws from a Strong

signature
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Mono-Higgs
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Mono-Higgs signature CG\Ws from a Strong

signature

—mg=100 GeV b
—mg=160 GeV 1
gg-H, VH
—Vy, Wyy
vy, yHets

100 Te!

200 250 300
pY' [GeV]

0

3 b b b L e
4 8 10

—mg=100 GeV
~mg=160 GeV
gg-H, VH

=V, Wy
VY, yHets

14 16 18 2
e [1GeV]



Mono-Higgs signature

Gravitational Waves from a Strong EW Phase Transition

EW Phase Transition
In the SM (KRS):

In 1957, S.akharov criteria: _ B+L anomaly
-B V|o|at|‘on . _ CKM matrix

-ccp V|o|a.t.|or.1 - Strong first order Phase
- Out-of-equilibrium transition

e In the SM, v/ T, > 1 implies my, less than 45 GeV!l.

e Knowing that v/ T, ~ 1/, the quartic coupling can be
relaxed to smaller value due to extra radiative contributions to

the Higgs mass

3m? 3 o, 17+ Sa?
A= ? — 32? Z n,'a,-/OgT,
i=all

Then large masses of the scalar multiplet members 17 + %a,-v2

can put A to smaller values, which makes the EWPT strongly
first order.
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GWs from a Strong EW Phase Transition

The relevant quantities, here, are

9

T=T;

l(Te) 5_ B d (53(T)
prad(Tt) B Hr Tth( T )

vacuum expectation value

0 =0
Quwh? = Qi + sth2 b Qut?, 7 v

st(f)h2 = ﬁswh2 (f/féw)?’ <

> 7/2 bubble

gwall
4+ 3( )— v, <
1/3 sound

f/fw)?
o~ //>
Qewh? =~ 2.65 x 107 %v,, 3~ ( > < °t> , shell
1+« gl

t>1/6 V,=0  V,>0 V.=0

fluid velocity

0

1
~ 5 R—
fow ~ 1.9 x 10~ Hz (100Ge\/>
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Here, we consider a generic SM extension by a sacalar with a
multiplicity N = 2,6, 12,24, mass ms and a coupling to the Higgs
doublet w. This analysis is valid for our model, as well for many
scalars endented SM models.

ps?=0, Qs =1, As=0 Qs=1, As=0
105 sw(T; = 100GeV, v, = 0.95) . sw(T; = 100GeV, v, = 0.95)
&()
@ 10* Y
10
10°
= = 3
10 10 1052
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300
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The

Conclusion

model

explains neutrino oscillation data.

is not in conflict with different experiemental constraints such
as LFV.

provides a Majorana DM candidate at different mass ranges in
agreement with different constraints.

could lead to detectable GWs from a strong first order phase
transition.

provides intersting signatures at both leptonic and hadronic
colliders.

Thank you for your
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