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Motivation towards Singlet-Doublet Majorana Dark Matter

@ Simplest of Z-mediated Scalar and Vector Dark Matter models are ruled out by direct search

and invisible Z width.
@ Dirac DM with a vector coupling to the Z is ruled out for DM mass nearly upto 6 TeV.

@ The only scenarios which remain viable at this time are those with a fermionic dark matter
candidate with a nearly pure axial coupling to the Z and with a mass that lies within either a
few GeV of the Z pole or that is heavier than 200 GeV.

Manoranjan Dutta IIT Hyderabad Anomalies 2020 13th Sep, 2020 2/24



Motivation towards Singlet-Doublet Majorana Dark Matter

Vector-like Leptonic Doublet DM: (S. Bhattacharya, P. Ghosh, N. Sahoo, and N. Sahu, Front. in Phys. 7 (2019) 80.)
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Singlet-Doublet Majorana Dark Matter The Model

Singlet-Doublet Majorana Dark Matter: The Model Lagrangian
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where a = e, u,7and j = 2, 3.
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Singlet-Doublet Majorana Dark Matter The Model

The Mass Matrix of the Dark sector

After the SM Higgs acquires vev,

_ 1 o
—Lmass = M¢E¢OR + EMH1 Ng, (Ng, )¢+

o
—g(wgwm +¢%(Ng,)°) + h.c.

7

The Mass matrix for Dark Sector in the basis ((4%), 42, (Ng, )°)7,

M=

Can be diagonalized by t/.M.UT where,

1 0 0
U=\ 0 €2 o

0 0 1
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Singlet-Doublet Majorana Dark Matter The Model

Mass EigenValues and EigenVectors

My, = Mcos® 0 + MR1 sin? 0 + mp sin 20,

mX2 =M,
my. = Mg, cos? 0 + Msin? 6 — mp sin 20
x3 =~ MRy D .

where the mixing angle,

2mp
tan2 = ———
M — Mg,
In the small mixing (6 — 0) limit ,
)
m ~M+ ——
X1 M — Mg,
My, = M,
2
m
~ _ D
My, & MH1 T M, .
X3 becomes the stable DM candidate. Using Uumu’l = MDiag.»
V2 AM sin 26
Yi=—,
v

M = mX1 c052 0+ mX3 sin2 9, MR1 = me c052 0+ mX1 sin2 0;

Dark Parameters : { m)<3 ,AM = (mX1 — mXS) ~ (mX2 — mxa), sin@ }.
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Singlet-Doublet Majorat ark Matter DM Relic Abundance

Relic Abundance of Singlet-Doublet Majorana DM
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Figure: Variation of DM relic density with different ranges of mixing parameter sin 6.
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Singlet-Doublet Majorana Dark Matter DM Relic Abundance

Relic density allowed parameter space in AM — m,, plane
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k Matter Direct Detection

Relic and Direct Detection constraints combined

Effective coupling strength:
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Gauged U(1)g_, Extension of the Model

Fields SUB)c ® SU(2)L @ U(1)y U(1)g_ ® Z»
0
V= v 1 2 -1 -1 -
VLFd P~
RHNs Ng, 1 1 0 -1 -
NR2/3 1 1 0 -1 +
wt
Higgs doublet H= hiveiz 1 2 1 0 +
2
Scalar Singlet bpg = d)”BL:Zd) 1 1 0 -2 +

L= w(’w - MV + NFIIIEBNR; + £yuk + cGauge + Lscalar + Lsm:
where,

g Y .
Dy =0 —iZ7. Wy — 'Q/EB;L — igpL YBLZBL,
b, =0, — igeLYBL(Z8L) -
/

— Ly = |YiVHNg, + h YiuNg HiLa + h Y omNr (Ng,)° + he.| ;
yuk*{1 Ry +h-c] + (YjaNr; athe )+ |2 ®aNg; (Nr, +he.:

1 12274 € 725

L Gauge = *Z(ZBL)M/ZBL - E(ZBL)[,LVB ;
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Singlet-Doublet Majorana Dark Matter Gauged U(1)g_ Extension of the Model

The Scalar Sector

Escalar = |DHH|2 + |©M¢BL|2 - V(Hv d>BL)
where,
.g Y
Dy =0y — IET.WM - /g’EBH

Dy =0 — igeLYsL(ZeL)
The scalar potential is given by,

V(H, ®p) = —py? (HTH) + Ay (HTH)Z

- no® <¢BLT¢BL> + Ao (CDBLT(DBL)Z + Mo(HH) (‘DBLT‘DBL)

; h i h
(h O) 2 gv? Agevvpr h (h; ) = (fcs’lsnﬁﬁ z(l)nS,ﬁB ) (¢ )
o /\[1<p’lf'UBL 2/\<p’l,%L (/)

1 m2 0\ ([ Scalar Sector Parameters: my,, vp, sinf3,
3 (h1 hz) .

Lmass

scalar

BN =

Howe\_/er, Mz, = 9BLVBL;
Combined Scalar-Gauge sector:
Mpy,, 98L; Mz, sinB
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Singlet-Doublet Majorana Dark Matter Gauged U(1)g_ Extension of the Model

The Mass Matrix and the Eigenvalues

_ 1 _ —
—Lmass = M"Z’E"Z’(l)? + EMR1 NR1 (NR1 )+ me?N’ﬁ the.,
In the basis ((¥%)¢, v?, (Np, )7,
0 M 0
M= M 0 mp
0 mp MR1

2
Diagonalization upto O( Mﬂﬁ’ﬂ ) by: Maiag = U.M.UT, where U = Us3.Upz.Usa.
1

Assuming mp << M, MR1 s

0 ™ tan 26 —V2mp
2 12 = -, tan20p3 = ————,
m
My, Mt * M+ My
Fi v2mp
sz tan 2643 - )cos 023
Mo =M+ it i) M= May — iR
(M+MR1) 1 2(+R1)
m2 In the limit mp << M, MF,1 s
my. ~ Mg (1— —L2_—).
xg ™ Ma ( 3 ) v o AMsin2055
1R,
We assume My, > Mx, > My, S0 that x; serves as a v

stable dark matter candidate.

Dark Parameters: { mXS‘ AM, sin 643}, or { MR1 , M, sinf43}.
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k Matter Gauged U(1)g_ Extension of the Model

Relic Abundance of Singlet-Doublet Majorana DM
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Figure: Variation of DM relic density with different ranges of mixing parameter sin 613.
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Singlet-Doublet Majorana Dark Matter Gauged U(1)g_ Extension of the Model

Relic density allowed parameter space in AM — m,, plane
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Singlet-Doublet Majorana Dark Matter Gauged U(1)g_ Extension of the Model

Relic and Direct Detection constraints combined
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Figure: [Left]: Spin-independent direct detection cross section of DM (x3) with nucleon as function of DM mass (in GeV) for
U(1)g_ model confronted with XENON-1T data (E. Aprile et. al., XENON-1T Collaboration, Phys. Rev. Lett., 121,11, 2018) over
and above relic density constraint from PLANCK (P. A. R. ade et. al., Planck collaboration,Astron. Astrophys. 571, A16, 2014);

[Right]: Correct DM relic density allowed parameter space of the model in AM — My plane constrained by XENON-1T bound.
Different coloured points indicate different ranges of sin 613 as mentioned in the figure inset. The parameters kept fixed for the scan
are MZBL = 1.65TeV, gg; = 0.03, Mp, = 300 GeV, sin 3 = 0.2. The shaded region in the bottom left corner of right hand plot
is ruled out by LEP exclusion bound on charged fermion mass, my+ = M > 102.7 GeV.
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Singlef ublet Majorana Dark Matter Gauged U(1)g_ Extension of the Model

ATLAS bound on gg, — Mz,
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Figure: [Left]:Parameter space satisfying relic density constraint from PLANCK in the plane of gg; — MZBL’ [Right]: Parameter
space satisfying both relic density constraint from PLANCK and direct detection constraint from XENON-1T in the plane of
981 — MZBL' The thick silver line shows the ATLAS bound on gg; for corresponding MZBL (Aaboud et. al., ATLAS Collaboration,

JHEP 10, 182, 2017).
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k Matter

Gauged U(1)g_ Extension of the Model

Parameter Space in light of varying Mz, and ATLAS bound on gg,
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Collider Signatures

Collider Signatures
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Non-Zero Neutrino Mass via Type-| See-Saw

Non-Zero Neutrino Mass

The Lagrangian,
. 1 _
—ﬁ,unass D YjaNF,ijTLa + EMRJ-NR,-(NR/)C + h.c.;

where,
Mg = Diag(0, Mg, , Mg,)
In this basis, under Type-l See-Saw,

m, = —mpMg " m},

which can be diagonalised by, )
(my)d/ag — UT m, U

where, (m,)%9 = Diag(my, mp, m3) contains at least one zero eigenvalue.

C12C13 , $12C13 _ sige™”
U= —S12C23 — C12523513{9'5 C12C23 — 3125233139'6, S23C13 Uph
$12823 — C12C23513€/°  —Ci2Sp3 — S12023513€/°  C3Cy3

where,

Uph = Diag(1,e~'*/2 1)
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Non-Zero Neutrino Mass via Type-| See-Saw

Non-Zero Neutrino Mass

Using Casas-Ibarra Parametrization (Casas, J.A. and Ibarra, A., Nucl. Phys. B 168, 171-204, 2001),
(Mp)ja. = MRJ-H//'\/WJUL

since MR1 is decoupled from the spectrum,

Yia

]
;( Mg, R1i\/miU,-L)

1

o [Mp, Ry VAU, + /M, Riav/MaUL, + /Mg, Rigy/msUl,) =0

o Inverted Hierarchy (IH):

o Normal Hierarchy (NH):

my =0 m3 =0
_ 2 _ 2 _ 2 o~ —
{ my = \JAME < my = \JAmE { my = \JAm2, - AmE e mp = \JAmE

1 0 0 0 0 1
R= 0 cosz —sinz R= cosz —sinz 0
0 sinz cos Z sinz cos Z 0

0 0 0
mp=vVv| Yo Yp, Yor
Yze Yau Yar
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Non-Zero Neutrino Mass via Type-| See-Saw

Charged Lepton Flavour Violation: ;. — ey Branching Ratio

The branching ratio of u — e is given by (R. Alonso et. al., JHEP 01, 118, 2013; A. llakovac and A. Pilaftsis, Nucl.
Phys. B 437, 491, 1995; F Deppisch and J. W. F. Valle, Phys. Rev. D 72, 036001, 2005; Marcano et. al., hep-ph/1710.08032),

32 mt m
« 2
Brip — ) = 2w T Tt gpe

256m2 M4, T,

Z Uei U;uG’Y Xi) Z UeN U“N Gw(XN )

h m%i d N dG X(2X2+5X71) 2x3 I
where, x; = nd xy. = —- an X) = —=———— — —<=X - n(x
9re X Mz, anaxn; M2, and Gr (x) 4(1—x3) 21y M%)
After some mathematics,

32 mh
ay Sy m"m“462

Br(p — e
(e ") = 25672 M, T, My 7

(xn) \(m mp)e|?

where,

(mhmp)en |, = Mr[(M2Uea Uiz + maUegUj:3) cosh(2mlz])

+ i/ /Tg(UsgUsp — Usp Us3) sinh(2Im[z])]
= Mg [(m1 U1 Upyy + MaUgaU,)5) cosh(2im(2])

(mLmD)euLH

+i«/m1\/m2(UegU;1 Ue1U12) sinh(2/m[z])]
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Non-Zero Neutrino Mass via Type-| See-Saw

1 — ey Branching Ratio

Br(u—>ey)
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Figure: [Left]: Br(u — ev) in Mg — Im[Z] plane; [Right]: Log[Br(u — ev)] for Im[z] = 0, 10 for both NH and IH. The black
dashed line represents the MEG limit.

Naturalness and vacuum stability bounds can also be applied (G. Bambhaniya, , P.S. Bhupal Dev, S. Goswami,

S. Khan and W. Rodejohann,Phys. Rev. D 95, 9, 2017), however these bounds are extremely weaker for Mg
upto TeV scale.
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Summary

Summary

The SM has been extended by a vector-like fermionic doublet and three right handed
neutrinos. After diagonalization, we get three Majorana states as dark sector particles, the
lightest one being the Dark Matter.

We studied the Relic abundance and Direct Detection of the DM candidate and the same has
been confronted with recent experiments like PLANCK and XENON-1T. We showed the
favourable points satisfying both relic density constraints from PLANCK and direct detection
bounds from XENON-1T in the AM3 — m3 plan.

The model is also extended to an anomaly free gauged U(1)g_, symmetry to get new
signatures in Relics as well as in Direct Detection.

We show that for singlet-doublet Majorana DM, the mixing can be pretty large (sin 6 ~ 0.6 for
1 TeV DM) since it escapes the Z-mediated direct search, in constrast to singlet-doublet Dirac
DM, where the mixing is restricted to sin 6 ~ 0.2.

The tiny neutrino mass has been explained in a Type-I see-saw framework. In the U(1)g_;

model, we can treat the right handed neutrino mass as a bridging ligand of the model.
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Summary
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DM-SM Interactions

Cavee _ Wiw(figr W, — ig’gB“)w

int

= (oo )T 2t + o (WO W™ 6 W )

2sinfy costyy f N6y
—epTyHAYT — (————— cos20py TR Zah ™
VALY (2sin6Wcosew) w4
In mass bases,
G. e . R
imauge = <25/n9WCOSHW>(_ cos OX, i7" Zyu X, — sin O in* Zuxs, + h.c.)
e
+ ———(cos O * WHyp™ +x5iv* W™ — sinOxyH Wy~
\/ésinew( X VW g it W XYW
e
4+ —— (cosOpTAFW x, —pTirF W x, —sinOypTyH W
\/ésinew( VAW X, — YT W X, WL x,)
+AH - e +AH -
— e YHANWT — (G )cos20w YTy Zuip

2sinfy cosbyy

Yi /. _ _ _ —_
—LpM—Higgs = 712 (sm 20(x; hx, — Xz hx,) + cos 20(x; hx, + X3 hx; ))
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Annihilation Channels
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Figure 1: Annihilation channels to SM through which the DM (x,) density depletes.
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Figure 3: Annihilation channels of ¢ and ¢~ that contributes to coannihilation of DM (x)

an Dutta IIT Hyderabad Anomalies 2020 13th Sep, 2020

24/24



Coannihilation Channels
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Theoretical and Experimental constraints

@ Perturbativity: In order to maintain Perturbativity of the model, Yukawa couplings should

satisfy the following limits:
[Yil < Var, |Yql < Vér .

@ LEP Limit: LEP exclusion bound on charged fermion mass, m,,+ = M > 102.7 GeV.
(Abdallah et. al., DELPHI collaboration, Eur. Phys. J. C, 31, 2003.)
@ Relic Density: The observed number density of DM is constrained by the combined WMAP

and PLANCK data as: 0.1166 < Qpyh? < 0.1206.
(Hinshaw et. al., WMAP Collaboration, Astrophys. J. Suppl. 208, 19, 2013; P. A. R. ade et. al., Planck collaboration,Astron.
Astrophys. 571, A16, 2014.)

@ Direct Detection: For direct search, we have used the current stringent bounds from

XENON-1T.
(E. Aprile et. al., XENON-1T Collaboration, Phys. Rev. Lett., 121,11, 2018.)
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Direct Detection of Singlet-Doublet Majorana DM

Here,
pe Xy
o= M(p,n)
\/ on= > o e
| q=u,d,s
! 2 M(p,n)
'h 7fp7 Z fe% L
' G q
: i g=c,b,t Maq
/.\ where,
n n _ Yysin20mg _ AM sin®20mq
Ay Y V
h h
1 )
o051 = —ghr 2|M|? Finally,
where 4Y?sin220 rmp 2
; =—— |2 (P R+ P
M= [prJr(A—Z)fn] 7T R M [ v ( st g

+ %(f?u"'fd"‘fTs g%)]z
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DM-SM Interactions in gauged U(1)g_, case

— . Y . —_ .
Lint = ‘U"Y“(—’g"’- w, — ’QIEBM — igeL Yei(ZeL) )V + Ni, iv* (—iget Yer(Zse) . )N,

e — e —
=(—— 0~ M7 a0 0 M WHah™ W 0
(Somn cosay ) 7" 2"+ o (PO W0 W)
_ TARA T — e 20 RV A
YT ALY (25in9Wcosew)cos w2y
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DM-SM Interactions in gauged U(1)g_, case
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Summary DM Direct Detection

Additional Annihilation and coannihilation channels in light of U(1)g_;
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Theoretical and Experimental constraints

o Stability of potential:

A >0, X >0 and Ao +2v/Agre > 0.
o Perturbativity:

Al < 4w, Aol <4m, |[Ano| <47

[Yi| < Var, |Yyl| < Vér, |gs| < Vér .

o LEP limits: LEP exclusion bound on charged fermion mass, m,,.. = M > 102.7 GeV

e Constrained on MZBL: LEP Il: Mz, /9B > 7 TeV. (Cacciapaglia, G et. al., Phys. Rev. D74, 033011, 2006)
ATLAS and CMS at LHC Run 2: Mz, > 4.3 TeV for gg. ~ SM coupling.

(Aaboud et. al., ATLAS Collaboration, JHEP 10, 182, 2017; Sirunyan et. al., CMS Collaboration, JHEP 08, 130, 2018. )

e Bounds on scalar singlet:
i) For W mass corrections at NLO : 0.2 <'sin 3 < 0.3 for 250GeV < mj, < 850GeV .
(Lépez-Val, D. and Robens, Phys. Rev. D 90, 114018, 2014.)

ii) For the requirement of perterbative unitarity : sin 3 < 0.2 for ms, > 850GeV.
iii) Direct search measurement of Higgs signal strength at LHC:| sin 8| < 0.36.
(T.Robens et. al.,Eur. Phys. J. C76, 5, 2668, 2016)
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Direct Detection of Singlet-Doublet Majorana DM in U(1)g_; case
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