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Introduction

@ It is widely believed that WIMPS satisfy the necessary criteria of DM,
with mass not too far from EW scale

@ Thus, provide the opportunity to test them at the current and future
direct and indirect DM detection expts.

@ To accommodate DM, SM has to be extended with new particle and new
symmetry.

@ Baryon (B) and Lepton (L) numbers are accidental global symmetries in
SM. B must be violated to explain BAU and L will be violated if light v;'s
are Majorana particles

@ However, B, L, as well as (B — L) can be local gauge symmetries.

@ Models in which B — L is gauged, are economical and well-motivated
extensions of SM

@ When SM is extended by the local B — L symmetry, anomalies are not
automatically cancelled.

@ The simple way out is to introduce three right-handed neutrinos



Another variant of B — L Model

@ One of the fundamental questions is how to address the stability of DM

@ In the conventional B — L gauge models the stability is ensured by
imposing the adhoc discrete symmetry on top of gauge symmetry

@ In these class of models one of the RH introduced for gauge anomaly
cancellation is odd under the discrete symmetry, and acts like potential
DM candidate.

@ Thus, one of the interesting aspects of B — L models is that, in its
standard form, the RH v's and thus Type-| seesaw mechanism appears
naturally.

@ Alternatively, one can introduce three exotic fermions with B — L charges
as —4,—4,+45

@ It is easy to check that all potential anomalies are cancelled in this simple
framework.

@ Due to their special B — L charge new fermions do not couple directly to
the SM fermion.



Anomaly cancellation in B — L model

@ SM fermion content is insufficient to cancel the triangle gauge anomalies
ASM [(gravity)2 x u(1)B_L] =-3, AM [u(1)3B_L] =-3.

@ With the introduction of three exotic fermions with B — L charges

—4,—4,+5
A=) = A (UR-r) +AY (UE-)
= 3+@)’+@®°’+(-5°=0,
A [gravity2 X U(l)B—L] = AMU@)s-1) + ATV (U(1)-1)

= -3+4)+@)+(-5)=0.
@ To break the U(1)g—, gauge symmetry via the Higgs mechanism, we
introduce two singlet scalars ¢ and ¢g, with B — L charges of —1 and +8

@ In addition, we also introduce another scalar ¢pum, and its stability is
ensured by appropriate choice of B — L charge



Particle content

Field [ SU(2). x U)y [ UQ)s—1 |
Fermions | Q. = (u,d)/ (2,1/6) 1/3
uR (1,2/3) 1/3
dr (1,-1/3) 1/3
0= (v, &) (2,-1/2) -1
ERrR (1,—1) -1
Nig (1,0) —4
Nor (1,0) —4
Nsr (1,0) +5
Scalars H (2,1/2) 0
¢DM (1,0) npwMm
h1 (1,0) -1
o8 (1,0) 8

Table: Particle spectrum and their charges of the proposed U(1)g_;
model.



Model description

@ The Yukawa interaction for the present model is given by
Lyvac = YuQuHug+ Y4Q,Hdr + YeliHeg
+ Z hasdr N Nsg + Z hapdeNorNar.

a=1,2 a,B=1,2
@ The scalar potential of the model is

V(H, ¢or, 61, ¢8) = pitH H + Xu(HTH)? + 1ol é1 + Mi(6]d1)* + pzdlos
+ Xa(¢]d8)” + b Phy oM + Apa(dhydom)’ + A (HTH) (6] 1)
+ Aus (HTH) (85 68) + Ms(61) (08 ds) + Aun (HTH) (¢l nidpm)
+ A1 () #oM) (61 ¢1) + Aps(dhpdpm) (B ds).

@ VEVs of different scalars are (H) = (0,v/v2)", (¢1) = vi/v/2, and
(ps) = v8/\[ The DM field ¢pm = S+'A doesn’t acquire any VEV.

@ Mass of DM = M3, = pdu + >‘HD V2 + Am V24 ADS 2.
@ We consider A1, Aus =0 = M, = \/m — 125 GeV.



Mixing in scalar spectrum

@ Scalar fields ¢1 and ¢g are parametrized as

1 i
¢(1),8 = E(Vl,s + h1g) + EAL@,

@ Considering non-zero mixing between ¢1 and ¢s, the mass matrix in
(h1, hg) basis is
2 20vE Asvive
MO - ( )\13V1V3 2)\8V§ :

. L . A1 V1 Vs .
@ After diagonalization, with tan2a = % the obtained mass
(As Vg — )\1 vl)

eigenstates denoted by Hi, H, satisfy

hi = Hicosa + Hasina, hg = —Hisina + H» cos a.



Stability of scalar dark matter

@ No ad-hoc symmetry is assumed to stabilize DM

@ Rather the model structure itself does it, i.e., npym = +4, +5 and
fractional charges forbids the following decay channels .
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Figure: Figures in top panel = npy # 0,
bottom-left panel = npy # £2,+7,4+9, £16,
bottom-right panel = npy # +1,4+3,+£6,+8, +£10



Relic abundance

$pm f dpM Hio

Figure: Feynman diagrams relevant in DM observables.

@ DM relic density is calculated in the Z’ portal

> 214x10°GeV' 1 _ /°° (ov)(x)
Qh® = e M J00); J(xr) = e dx.

Parameters | npm | My, [GeV] | My, [GeV] | w1 [GeV]
Values 4 600 1000 1000

Table: Fixed parameters for Z’-mediated DM observables.



@ Relevant parameters : Mz, gpr,, Mpm, @

Mz = 2500 GeV, sina = 0.1 gaL = 0.1, sina = 0.1
1000; 1000+

100}
10;
& 1 5
0.1007*%*
0.010} Mz =2000 GeV
— geL =02 — Mz =2500 GeV
o'oogoo 1000 1200 1400 1600 0.00&00 1000 1200 1400 1600
Mow [GeV] Mou [GeV]

Packages: CalcHEP, micrOMEGAs



Limits on WIMP-nucleon cross section

The effective Lagrangian follows as

2 2
iLor D —OMEBL (G591 A — AD*S) iy, u — T2MEBL (S9HA — ADHS) dry,d.
M2, 3M2,

The DM-nuclei SI contribution is given by

O-N — i MN MDM 2 |A‘2 nzDMgéL
SI 167w \ Mn + Mpwm M;, ’

The Z' mediated DM-nucleon Sl contribution is given by

2 2 4

_ H "bmEBL

UZ/ —_ 774.
167 MZ,

My Mpm
Mn+Mpng
the nucleon mass.

where p1 = ( ) is the reduced mass of DM-nucleon system, M, being



@ Range of parameters : My, ~ (0.5 —1) TeV, My, ~ (1 —2) TeV,
sinae < 1.

XENONIT (2017)
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Figure: Left panel denotes the parameters space that satisfy the current
relic density in 30 range and XENON1T. The right panel depicts the
WIMP-nucleon SI cross section with the mass of the scalar DM for the
parameter space shown in the left panel.



ATLAS dilepton limits

ATLAS results from the study of dilepton signals (ee, uu1) for the Z’ boson
provide the most stringent limits Mz — g1, parameter space.

o (pp-Z)BRZI'T) [pb]

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
Mz [Gev]

* We still have a decent space for the model parameters that meet all the
constraints on DM observables and collider limits.
[ LEP Electroweak Collaboration, Phys.Rept. 532 (2013) 119-244.

The ATLAS collaboration, ATLAS-CONF-2015-070.]



Semi-annihilation

For npm = 1/3 there is a quartic term in the Lagrangian is of the form

A/ A// .
%qﬁ%Mqﬁl and for npm = 8/3, a term of %q&%M(bg is allowed.

1
P AByt [(s = (Mpn + My )*)(s — (Mpw — My, )?)] 2
1 - )
: Grs (s — 42, )1
1
- A [(s = (Mpy + Mi,)*)(s — (Mom — My,)?)] 2
. Grs (s — 43, )1
¢ 0.01 . Aow=05 ¢ 0.01 — Aowst0
0.001 — Apm=1.0 0.001 — A"pm=1.5
— Xow=15 — A"om=2.0
200 500 1000 1500 2000 500 1000 1500 2000
Mow [GeV] Mowm [GeV]

@ My, =200 GeV and My, = 400 GeV.



GC gamma ray excess

The excess in y-ray emission from the GC region can be explained with the
Higgs portal channels maximally annihilating to bb

dbpn  pored dN, _/ 1 (p(nY’
deEph_STrM]%sz:<Uv>deph’ =) w ) *

Here po = 0.4 GeVem ™, rg = 8.5 kpc and p(r)gnew = % with

re = 20 kpc.
o — Mo = 62.532 GeV'
GNFW (y=1.26)
_C 310 ++++++ « Calorie(2014)
E 2.x10%) §+
o ot ¢4
! Y
ST
~txtot [X) 1 5 10 50
Enn [GoV]
[ Parameters [ Observables |
[ MyGeV] [ Mpm[GeVI | Aup | QK | (ov) [em®s ] | oplpb] |

125. | 63.5 [2x107% [ 013 | 407 x10° [ 874x10 * |




Neutrino mass in Canonical seesaw

@ No RH neutrinos to generate light neutrino mass by Type-| seesaw.

@ Introducing a scalar doublet n with B — L charge —3, and the Yukawa
term becomes

D Yiall)iiNag + D hapdsNSgNsr + > hazdrNsgNar + h.c.

a=1,2 «a,B=1,2 a=1,2

@ The Yukawa matrix and the fermion mass matrix after SSB are:

Yu Y2 O 1 h11vg hi2vg hi3vi
Y = Ya Yo 0 |, Mg = 7 hiave  havg  haw
Yai Y O 2\ s hsw 0

@ Choosing hiy = hoy = h, h;p = 2h, hi3 = h)s =3h and vi = vg = v/, we
obtain the mass eigenstates

1 1 1
D D D
Nig = 7 (=Nig + Nag) ,  Nog = 7 (—Nig — Nog +2N3g) ,  Nip = 7 (Nig + Nag + N3g)

having masses —(hv'/v/2), —(3hv'//2) and (6hv'//2).



@ So the total neutrino mass matrix in the (Zaz, NSg)" and (v5., Nar) ™

bases
(0 Mp
= )

where Mp = Y () is the Dirac neutrino mass connecting v; — Ngr and
Mg is the Majorana mass.

@ With block diagonalization, the light neutrino mass formula for canonical
seesaw mechanism is
m, = —MpMz'*M} .

@ From the structure of the Yukawa matrix, it is clear that the light
neutrino mass matrix generated in this manner will have a vanishing
eigenvalue which corresponds to the scenario where the lightest neutrino
being massless.



Radiative mechanism

@ Light neutrino mass can also be generated via radiative mechanism with
inclusion of inert doublet scalar n and scalar triplet A.

@ This framework does not allow canonical seesaw mechanism as 7 can not
take non-zero vacuum expectation value, being inert.

2.9
A) = pp ~ T
@ (B) =va AZM3
(H)
: @
n ““..--l...,,." n :
N
e Rldzili@o
v B N H v PPt Sel
g .




Due to the inclusion of two extra scalars n and A, the additional contributions
to the scalar potential are given as

Vscatar = (ua|nl® + MaInf?) + Xy (") (HTH) + Xy (0" H)(H™n) + pian(n T ATn) -
) Mg (") (6] ) + BATI[ATA] + Aai Tr[ATA] + A Tr[(ATA)?]
i=1,8
+ A AIDsn(HTH) + Aan(0'n) + Y Aag, (6] 6))].
j=1,2

The mass splitting between the real and imaginary parts of the mass of

n=(nr+in)/V2is . .
M2, — M2, = 2/2jiaqva | 2)

where va is the induced VEV of the neutral component of A, whose value is
constrained from the electroweak p parameter through the relation

1+2VA

p= 3)

1+4VA :



@ The measured value p parameter p = 1.00040 £ 0.00024 imposes strict
bound on va < 2GeV .

@ Such small induced VEV can not be generated naturally, so considering
the higher dimensional operators of the form A%(HTAT H)(¢idrgn),
which yields the VEV of the neutral component of A as

Thus, the light neutrino mass can be generated at one-loop level as

2 2 2 2
Yi ij ( Mng In Mng My, In My, >
bl

(my); =

2 2 _ A2 2 T 2 _ £M2 2
167 m3, MRk MRk mg, MRk MRk

where Mg, (k = 1,2), is the mass of the exotic fermion. If we assume

2 2 2
my. + m,, ~ Mg, then

2 2
(m ) — MWR - M”H Y"kyjk
oY 3272 Mre
Thus, the light neutrino mass matrix becomes
\/§ \/EMAU V2V12V8

Yy = —— YMR'YT =
M = ez ttanva TR 16m2 A2MZ

YMYT.




Conclusion

@ We the scalar dark matter phenomenology in the context of U(1)s—;
extension of SM where three heavy exotic fermions with B — L charges
—4,—4 and +5 are added to make the model anomaly free.

@ Two scalar singlets with B — L charges —1 and +8 are introduced break
the B — L gauge symmetry and also to generate the mass terms for the
exotic fermions and the new gauge boson Z’.

@ A scalar singlet ¢pwm is introduced such that the U(1)g—_. symmetry takes
care of making it a stable dark matter candidate.

@ Scalar DM phenomenology has been explored in the prospects of gauge
mediated channels.

@ A viable parameter space is shown consistent with the current dark
matter experimental limits by PLANCK on relic density, direct limits from
XENONIT and also the ATLAS dilepton constraints.

@ The indirect signals of the excess in photon flux from the galactic center
has been revisited in the light of Higgs mediated annihilation channels.

@ Light neutrino mass can be generated by Canonical and Radiative
mechanism by adding a scalar triplet and an inert doublet to the model.
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