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The amount of CDM has been estimated to be
Qparx? = 0.1198 +0.0015

The nature of DM particles and their properties is the
subject matter of intense investigation.

Detection of DM signatures involve:

e missing energy £ accompanied by a single or two jet
events

e direct detection experiments, which measure the
nuclear-recoil energy and its spectrum in DM-nucleon
elastic scattering




e indirect detection experiments looking for signals of
DM annihilation into SM particles in the cosmic rays

Null results from the direct detection experiments have
provided the most stringent upper bounds on the spin-
independent DM-nucleon elastic scattering cross-section over
a wide range of DM masses.




EFT in which the DM-SM interactions are mediated by
scalar-heavy particles which are not accessible at the LHC
energy have been analysed in detail and the limits from
direct and indirect searches examined.

In these models the interaction between the DM and SM
particles is mediated by spin-0 and spin-1 particles in the
s-channel, whereas in the t-channel models, the mediator
can be a scalar, a fermion or a vector particle which will
typically also carry colour or lepton number

Here we consider a spin-3/2 DM particle as an alternative to
the conventional scalar, vector or spin-1/2 CDM particles.




Spin-3/2 CDM has been studied in EFT models and
constraints from the relic density, direct and indirect
observations obtained.

Spin-3/2, 7.1 keV WDM was considered to provide an
explanation from the anomalous 3.1 keV X-ray line observed
by the XMM Newton.

Furthermore spin-3/2 DM with a Higgs portal has also been
investigated.

Recall that spin-3/2 particles exist in several models BSM
viz in models of supergravity, spin-3/2 fermions also exist
in KK models in string theory and in models of composite
fermions




The SM is extended by including a spin-3/2 particle y
which is a SM singlet that interacts with the SM particles
through:

e the exchange of a vector particle Z’ in the s-channel, done
by extending the SM gauge symmetry by adding new U (1)’
symmetry which is spontaneously broken such that the me-
diator obtains a mass my-.

We also invoke a discrete symmetry Zs under which the
spin-3/2 DM particle is odd whereas all other SM particles
including the vector mediator are even.




e OR the exchange of a scalar (S) or a vector (V#) which
carries a baryonic (colour) or lepton index. In general the
mediator couples to right-handed up-type quarks (or
leptons), right-handed down-type quarks (or leptons) or
left-handed quark (or lepton) doublets.

We consider here the right-handed up-type quark case for
simplicity, where the other cases are similar.




The spin-3/2 free Lagrangian is given by:
L= Xu(0)A x0(p),
with
A = (i —my ) g —i(YH " ) it v+ myyt Y,
where x,, satisfies A#”x, = 0 and being on mass-shell.

We have

(Zf_ mx)Xu(p) — 0“Xu(p) — ’Y“XM(p) = 0.




The spin sum for spin-3/2 fermions

3/2 3/2
= Y Wl (p)a(p), and S, (p) = > L (p)TL(p),
1=—3/2 1=—3/2

are given by:

1 1

Sj,/(p) — _(Zﬁ:mx) guv_§7u7v p/,up(v ('Y,upv 'Yz/pu)
X

In view of the non-renormalisable nature of interacting spin-
3/2 theories, we can only write generic interactions which
respect the SM gauge symmetry between the singlet, x, and
the SM particles.




The interaction of the spin-1 mediator with the SM-fermions
and the DM vy, is not restricted by MF'V to be either vector
or axial vector and can be written in terms of the vector
and axial-vector couplings as

Lsz0 D XV (9y =V 50 )x8Z09%°+ Y fA*(9f —7°97)fZ)..
J=q,l,v

In general this interaction will induce FCNCs which are
strongly constrained by low energy phenomenology.

The constraints can be avoided by imposing MFV structure
on the couplings or by restricting to one generation.




The decay width I'(Z' — ff + XYaXa) is given by

2m2 | m?
f V2 AN2 mz: X
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e, ( 91 (97) ) " 108x <m2z>\/
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There are several interesting consequences on the DM mass
and couplings arising from the decay width expressions.

If the DM mass m, > T2, the only decay channel available
to the mediator Z’ is into SM fermions. Since I'z/ < my,
for the case of vector coupling g; we get

Smz: . vi\2 2
<mg = < —,
T2 g))? < ma 99 <3

similarly, for the axial coupling.




If DM mass m, < mgz/ /2, allowing the mediator to decay
into DM pairs, there is a minimum limit on the DM mass,
given by roughly

4
1 mz: V,A\2
! 1
1087T<mx> 9x"7)" <

In what follows we consider the vector and axial-vector
couplings separately and for simplicity use universal
couplings g¥ = g}/ and g;? = g}f‘ and restrict to one
generation of SM fermions.
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The mediator Z’ decay width as a function of m,, in the
left panel for vector couplings, and in the right panel for
axial-vector.

There exists a minimum m, mass for a given coupling.
A mass less than this limit gives unphysical values of the

decay width. This feature is peculiar to the spin-3/2 nature
of the DM.




Constraints on the s-channel
Relic Density

In the early universe, the DM particles y’s were kept in
thermal equilibrium with the rest of the plasma through
the creation and annihilation of x’s. The cross-section of
annihilation process Yo Xo — ff proceeds through Z’ and
the spin averaged cross-section in the non-relativistic limit
of the lab frame can be expanded in powers of v* as

olv| = a + bv* + O(v?)




The relic density contributed by the DM particles y can be
obtained by numerically solving the Boltzmann equation:

dn .
"X 4 3Hn, = —(ofol)n2 — (n5)?,
where
a 7P
H = — =
a 3]\4517

is the Hubble rate, M,; = 1.22 x 10'Y GeV is the Planck
mass and (o|v|) is the thermally averaged y-annihilation
cross-section, (o(xx — ff)v).




The Boltzmann equation is solved numerically to yield

2 x 1.07 x 1019 X g
Mpl@(a + )?'_I;)

g« 1s the number of degrees of freedom at T and is taken
to be 92 for mp, < I < My, Xp = mX/TF

Qparx? ~

)

The freeze-out temperature is obtained by solving

' 15 gMpym, (a + &)
XF — |n C(C -+ 2) 3 ZWSﬁmF 7

where ¢ is order of a unit and it taken to be 1/2. ¢ for
spin-3/2 DM is 4. The expressions for a and b are given in
the paper.
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The contour graphs between the mass of the mediator and
DM mass, by assuming that the DM saturates the observed
DM density. The lett panel for the vector couplings. The
right panel for the axial-vector couplings.




Direct Detection

Constraints from DM detection experiments can be
obtained from the elastic DM-nucleon cross-section.

Owing to the presence of both vector and axial-vector
couplings, the DM-nucleon scattering has both spin-
independent and spin-dependent components.

The spin-independent and spin-dependent sub-dominant
cross-sections are given by




2 /300GeV \*
oS 214 x 107 (g¥ V') (4 ) ( - ) em?,

1GeV VA
and
2
SD _ 2 _ q JX A N AdN A N
XN 3rm?7, N 3rm?7, (Au+ A7)
2 /300GeV \*
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where = uny = (mp +my,)/2 ~ 0.939 GeV is the nucleon-
mass for direct detection




fo=9y (20% +93), frn=29y (297 +9.)

and ap , = Z g;?qu” A

q=u,d,s

The coefficients AgP" depend on the light quark
contributions to the nucleon spin:

AuP =Ad" = 0.84 + 0.02,
AdP =Au" = —0.43 £+ 0.02,
As? =As" = —0.09 £ 0.02.

The cross-section-axial vector terms proportional to gq gX
are suppressed by the momentum transfer or the DM vel.
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The predictions for the spin-independent and spin-dependent
cross-sections as a function of DM mass m,,.

The corresponding experimental bounds from LUX and
XENONIT are also displayed for three representative
values of vector and axial-vector couplings. The mediator
mass m,, is set to give the observed relic density for all
values of m,,.




Indirect Detection

DM annihilation in the universe would result in cosmic ray
fluxes which can be observed by dedicated detectors.

The Fermi LAT collaboration has produced constraints on
the DM annihilation cross-section into a few final state vz

ete™, utu=, 777, bb, uu, WHW—, etc.
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The prediction for the DM annihilation into bb and 77 for
two representative values of the vector as well as axial-
vector couplings as a function of m,,.

The predictions shown here for different couplings and DM
mass m, are consistent with the observed relic density.




Monojet Searches

Monojet searches at the LHC with missing transverse
energy Fr have been used by CMS at 8 TeV, based on an
integrated luminosity of 19.7 fb~! to put constraints on the
interaction of quarks and DM particles.

The parameter space (m,,mz) for spin-3/2 DM
consistent with the observed DM density for benchmark
couplings used here, these were considered to obtain bounds
by requiring £p > 450 GeV for which the CMS results
exclude new contributions to monojet cross-sections

exceeding 7.8 fb at 95% CL.
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The resulting monojet cross-section for the vector and axial-
vector couplings find that for the vector coupling the results

are in agreement with the bounds from the direct detection
experiments.

In the case of axial couplings, the monojet search puts
stronger constraints on the parameters in comparison to

the constraints from direct and indirect searches albeit for
A

Ix,g ~ 1.




Looking at the vector and scalar mediator cases separately:

(a) Scalar mediator S:
For the scalar mediator case we can write the SM
gauge invariant interaction as:

()"

A Xu 9" u D,ST + h.c..

Lint D

In this case we do not have a dimension-4 interaction
term because the x,, which on mass-shell, satisfies
Y x, = 0, and thus 1t 1s impossible to construct a
Lorentz-invariant dimension-4 interaction term
involving x,, S and the Dirac field up.




(b) Vector mediator V,,: In this case we can write
dimension-4 as well as dimension-5 interaction terms,

namely
Lint D1 (c;/) Yuut (V)" +hec.
and
(g;(/)z — uoe B 1 *7
Lint D1 A Xu9 0 uR Vag + h.c..




For all calculations we set A = 1 TeV, and the interaction
Lagrangian for the scalar and vector can be written as:

£scalar — (D,u SZ)T(DM S’L) — m%z S;f S’ia
1 R 1% 2 v/T yyut - T paysi cypv
Loector = —ZVWVZ- + my V,, VP +ags V"V, Gy,
where V;, = D, V) — D, V.
The covariant derivative is given by
. a . ]- — i . ) ]-
D, =0, + 19sta G, +zg§T.WM +1q §YBM,

where g, is the QCD strong coupling constant.




Unlike the s-channel mediator, where a single mediator is
required, in the ¢t-channel model we require a different
mediator for each generation.

In general, the interaction given in Lagrangians induce
FCNCs, which are strongly constrain by low energy
phenomenology.

The FCNC constraints can be avoided by imposing a MEFV
structure on the Yukawa couplings.

The parameter space will consist of the DM candidates

mass m,,, the vector (scalar) couplings ((c;g)Z : (g;(/)z), (gi)z

and the mediator masses m’ (m!,), for each generation.




For simplicity we will set the couplings and mediator masses
for all the generations to be equal.

If the mediator mass in the kinematically accessible region
of the LHC, the decay of the mediator and the ensuing
signal will become important.

The decay width of the scalar and vector mediators
I'(S*/V* — xu;), dropping the generation index, are given
by:
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since mg,mx > m,, 1S true for all quarks, except the top
quark, and A(a, b, ¢) =a* +b* + ¢ —2ab—2ac — 2bc;
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for the dimension-4 Lagrangian
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for the dimension-5 interaction Lagrangian.




100 -

10

0.1

0.01 [

0.001

10 ¢

0.1 ¢

0.01

m, [GeV] m, [GeV]

0.01

m, [GeV] m, [GeV]




Contour plots in the allowed DM mass m, and the mass
splitting ratio r — 1 (with r = mg(my)/m,) in the left
panels, and in the DM mass m, and the couplings in the
right panels.

We have assumed that the DM y saturates the observed
relic density, where the top panels are for the dimension-4
interaction term for the vector mediator case. The

middle and the bottom panels are for dimension-5 vector
and scalar mediator cases respectively.

In the left panels the colour gradient corresponds to the
Yukawa couplings required to give the observed relic
density, which in the right panels, the colour gradient
corresponds to the mass splitting consistent with the
observed relic density.




Constraints on the t-channel model

In this section we examine the constraints on the model
parameters m,,mg, my and the coupling constants from
the relic density, direct and indirect observations.

Relic density

In the early Universe the DM relic density is determined by
the dominant DM annihilation processes x Y — uu,
mediated by the t-channel exchange of scalar/vector
mediators.




Since the mediators in this model carry colour and charge,
co-annihilation processes like x S(V) — u g and
SS*(VV*) — gg (even though exponentially suppressed
when mass splitting (ms/v — mX) > T), will be
important if the DM mass gets close to the mediator mass.

The co-annihilation processes x S(V) — ug are mediated
by t-channel exchanges of mediators, as well as by s-channel
exchanges of gluons and through the four-point interaction
involving the DM, mediator, u-quark and the gluon vertex.

These processes will reduce the Yukawa couplings needed
to generate the required thermal relic abundance.




Self annihilation mediator processes S S*(V V*) — gg are
generated by purely gauge interactions, and are
independent of the Yukawa couplings, having the potential
to suppress the relic density below the observed value.

At freeze-out the DM and mediator particles are non-relativistic.

In the non-degenerate parameter space the channel

_ S/V _ : : :
XX —— uu cross-section can be easily evaluated, and in

the limit m,, mg, my > m, are given by

_ S (9;%)4 mi 1
(X = uil) ~ e
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(oxx = wajy) = 768 m A4 (1 + r2)2 ot 24 (1 + r2)2 ’

for the scalar-mediator and the vector-mediator
dimension-4 and dimension-5 interaction Lagrangians, with
the mass ratio r = mg(my)/m,,.




The thermal relic density of y’s is obtained by solving the
Boltzmann equation:

dn,
dit

+3Hny = —(ov) (ny — (05)?)

where H is the Hubble constant, (o|v) is the thermally
averaged y-annihilation cross-section, and

3/2
. My 1 m
el =4 ( 2><7T ) exp (_ Tx) |

The freeze out occurs when the y’s are non-relativistic, and
then (o|v) can be written as:

olv| = a + bv* + Ov?).




The Boltzmann equation can be solved numerically to yield:

2% 1.07 x 10° X
Mpiy/G=(a+ 2%)

where g, is the number of degrees of freedom at freeze-out
temperature Tr, Xr = m, /Tr is obtained by solving

QDM h2 ~

[45 gM,m. (a + S& ]
XF:1I1 C(C—|—2) . ggpl X( XF) |
27T \/g*(XF)\/XF

where ¢ is taken to be 1/2. g¢,.(Xp) is taken to be 92 for
our estimate, and g = 4.




The annihilation cross-section for the co-annihilation
processes X S(V) — wug in this limit are given by

S\2 2
(93) 92 (1 + r) 14 13 ,
S - ~ VYx | g
(X ugllv) = A LR T AN
(&Y)” g2 1|

V — ~
(o(x ug)v) 1658887?1723< ro(1 + r)

1+ 1140372 + 12568 73 4 8242 4

1164 + 5628

+ 24527° + 31979

)




and

372 + 2724 r

NN
OOV = wg)lv) = jore6ir AZ 7501 1 1)

1 653772 4+ 874213 + 70720 &

5222 r° + 307719 .

We have checked the relic abundance in the non-degenerate
parameter space for some representative values of the
parameters, and found them to be in agreement with the
numerical calculations done by micrOMEGAS.




The necessary model files for micrOMEGAS were built using
FeynRules

In the parameter space in which co-annihilation is not
important, comparatively large Yukawa couplings are
required to obtain the required relic density.

In the co-annihilation region on the other hand, we find the
couplings to be reduced for almost all DM masses both for
the scalar and vector mediator cases.

We find that with the increase in DM masses, the co-annihilation
channels take over the DM self annihilation processes and

the co-annihilation channels involving gauge interactions
alone are able to depress the relic density below the

observed value.
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We see from the left-hand panels that there are two regions
in the DM mass, one around 80 GeV < m, < 100GeV
and another one around 300 GeV < m, < 400 GeV, where
the co-annihilation processes result in a sharp drop in the
couplings required for the requisite relic density.




Direct detection
Elastic nucleon-DM scattering have provided the strongest
bounds on DM mass and interactions in a large number of
conventional DM models.

In the t-channel spin-3/2 DM model the cross-sections at
zero momentum transfer can be easily calculated

The dominant contribution to the spin independent D M-
nucleon scattering cross-section is estimated by noting there
are two scales present in the scattering.

The TeV cut-off scale A and the QCD scale ~ 100 MeV,
which represents the typical energy and momentum of quarks

bound inside the non-relativistic nucleons.



In the leading order, neglecting the quark momenta, the
DM-nucleon scattering amplitude for the dimension-5
vector interaction, for example, proceeds through the
s-channel exchange and is roughly given by

Pa Pp
Ja g o
MZQ( l a® (p2) v* Pru” (p1) ( Sm%\/)

X 0 (p3) Yu Prv (pa)

where p; and py are the momenta of the incoming and
outgoing DM particles, p3 and ps are the corresponding
incoming and outgoing quark momenta and p = p; + ps3.




In the non-relativistic approximation

(g¥)" m2 1

2 2 2
A ms; msy

1
M ~—
8

x |u” (p2) ¥ ua (p1) U (p3) Yu v (p4)

The DM-nucleon scattering cross-section is then

v 4
R b
64 7 A (1 — r2)2 ’




and similarly for the dimension-4 vector mediated
interaction, we get

[

- 64m mi (1 — r?)

1 V2 2
O_SI (CX) H 5 fN,

where = == fx = 4 for protons and 1 for the
X

neutrons, and we have dropped the terms proportional to

the quark mass and momenta in comparison to the leading

term.

The elastic nucleon-DM cross section for the case of scalar
mediator is suppressed by terms proportional to quark
momenta and has not been considered here.
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The predictions for the spin-independent DM-proton
scattering cross-sections, 0!, for the vector mediator case.
In the left panels the colour gradient corresponds to the
coupling, and in right panels to the mass splitting r — 1.




In the left panels we observe that for every DM mass and
mass splitting the Yukawa coupling is obtained such that
the parameters conform to the observed relic density, whereas
in the right panels the required mass splitting is obtained
for a given Yukawa coupling.

We find that for any DM mass the scattering cross-section
generally increases as the degenerate parameter region is
approached.

This happens because of a resonant enhancement of o>!
near r = 1.




For the case of dimension-5 vector interactions (bottom
panels), we see a drop of several orders of magnitude in
the scattering cross-section around the same DM mass
regions where the co-annihilation results have a sharp drop
in the couplings.

We have also shown the current upper limits from LUX,
PandaX-II and the projected upper limit for the XENONI1T
experiment.
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The predictions shown here are for the DM mass,
mediator mass and the couplings consistent with the
observed relic density. We have also shown the bounds from
the 95% CL upper limits on the thermally-averaged cross-
section for DM particles annihilating into uu Fermi-LAT
observations.

As expected in the parameter region where co-annihilation
is important (r ~ 1) the x x¥ annihilation cross-section in
the u u channel is greatly suppressed.

Even in the region away from resonance (r > 1) the Fermi-
LAT data does not provide strong bounds on the mass
and coupling parameters in the entire range consistent with

Qpyh? = 0.12.




Collider bounds

The t-channel mediator model considered here has scalar
and vector mediators which carry colour, SU(2)r and U(1)
charges.

They can thus be singly produced in association with DM
particles, or pair produced if they are light enough at the
LHC. These processes will contribute to the monojet and
dijet signals with missing energy, with distinct signatures
that can be searched for in dedicated searches.

For the monojet events g g — ¢ x x are the dominant
processes, In comparison to gg — g x X, because of the
large parton distribution probability of the gluon, as
compared to quark and antiquark in the proton.




In the present study we confine ourselves to constraints
arising from the monojet signals using the parameters space
(my Mg,y ) for different values of the couplings

(63)"/ (9¥)"/ (cY)" consistent with the observed relic
density.

The cross-section for monojet events is obtained by
generating parton level events for the process pp — x Y J
using MadGraph, where the model file for the Lagrangian
is obtained from FeynRules, and we use CTEQ611 parton
distribution function for five flavour quarks in the initial
state.




We employ the usual cuts, and the cross-sections are
calculated to put bounds on the parameters of the model by
requiring (i) E7*5% > 250 GeV and (ii) E7'5% > 450 GeV,
for which the CMS result excludes new contributions to the
monojet cross-section for the scalar and vector mediators
as shown
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The monojet cross-section in [pb] at the LHC with missing
energy for two case (i) Emvss > 250 GeV and
(i) Emiss > 450 GeV.




The cross-sections are obtained for all masses and couplings
consistent with the observed relic density.

(a) and (b) correspond to the dimension-4 and dimension-5
vector interactions terms respectively and (c) for the
dimension-5 interaction term for the scalar mediator.

The monojet cross-section from 8 TeV CMS collaboration

data based on an integrated luminosity 19.7fb~! is shown
by solid black line.




We find that the collider bounds are much weaker compared
to the bounds from the direct detection experiments for the
vector mediator case.

The scalar mediator case is interesting in this case as the
collider bound rules out low mass DM particles.

The bounds from the monojet + missing energy cross-
section puts a lower limit on the DM particle mass, where
the limit depends on the coupling, and increases with the
coupling.




We considered spin-3/2 DM interacting with the SM fermions
through a vector mediator in the s-channel.

Assuming MFV, we used universal vector and axial-vector
couplings and restricted ourselves to one generation.

The main observations are the following:

e In view of the spin-3/2 nature of the DM, in addition
to the restriction on the coupling arising from the
decay width, there also exists a minimum value of the
DM mass for a given coupling and mediator mass.




e For the vector coupling almost the entire parameters
space (m,,myz/ ) consistent with the observed relic
density is ruled out by direct detection through nucleon-
DM elastic scattering bounds given by LUX 2013.
Even for small vector coupling g;é ; ~ 0.01 there is
only a narrow window allowed in the parameter space
viz my >1 TeV, myz ~ 2 TeV.

e The case of vector mediator with pure axial-vector
coupling in contrast is different. The parameter space
consistent with the observed relic density is also

allowed by the direct (XENON100 neutron) and
indirect observations.




e For the benchmark couplings considered here, there
are no strong bounds on vector coupling from the
monojet searches at the LHC and the results are in
broad agreement with the direct detection experiments.

e The case of pure axial coupling is however different.
Here the monojet search puts stronger constraints
obtained from the XENON100 neutron observations.

For a spin-3/2 DM particle interacting with the SM fermions
through the exchange of a scalar or a vector mediator in
the t-channel we found that by invoking MFV we restricted
ourselves to the coupling of DM candidates with SM singlet
right-handed quarks with universal coupling.




The thermal relic DM abundance has been computed by
taking into account the co-annihilation processes.

Co-annihilation has the effect of reducing the Yukawa
couplings needed to generate the required DM density.

The co-annihilation effects are more pronounced in the large
m, regime, where mediator self annihilation into gauge
bosons has the potential to suppress the relic density below
the observed value.

Similar behaviour was observed in t-channel model for
spin-1/2 and scalar DM particles.




Our main observations are the following:

(a) The direct detection experiments, through DM-nucleon
elastic scattering data, provide the most stringent
bounds for the case of a vector mediator.

In this case the entire parameter space allowed by the
relic density is already ruled out by the LUX data.
This result is consistent with the earlier studies.

The co-annihilation i1s unable to ameliorate this.




(b)

There are no strong bounds from the the direct
detection experiments on the scalar mediated
interactions due to the velocity suppression of o°!.

In contrast, in the EFT framework, both the scalar as
well as vector interactions give rise to dominant spin-
independent nucleon-DM scattering cross-section and
direct detection rules out scalar interaction for

spin-3/2 DM particles of mass lying between 10 GeV
and 1 TeV.

The current constraints from indirect searches like,
Fermi-LAT data, are not sensitive enough to put any
meaningful constraints.




(d) Monojet searches at the LHC do not provide strong
bounds at the vector couplings in comparison to the
bounds from direct detection experiments.

However, for the case of the scalar mediator, where
we do not get any strong bounds from the direct
detection experiment, collider bounds put a lower limit

on the DM mass which is m, > 300 GeV.

This limit rises with the increase in coupling.

Finally, it may be mentioned that bounds from direct
detection experiments can, however, be evaded by foregoing
the universal coupling between DM mediators and quarks,
and letting the DM particles interact with only one gen.,
say with the third gen. quarks (top-philic DM).




