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The amount of CDM has been estimated to be

⌦DM�2
= 0.1198± 0.0015

The nature of DM particles and their properties is the

subject matter of intense investigation.

Detection of DM signatures involve:

• missing energy 6ET accompanied by a single or two jet

events

• direct detection experiments, which measure the

nuclear-recoil energy and its spectrum in DM-nucleon

elastic scattering
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• 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.

<latexit sha1_base64="GO0yOSZNrGyuCX9a5pT1jYi2Qmk="></latexit>
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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.

<latexit sha1_base64="yXagH5MaD7r7mEiZ45IOTkRbUs8="></latexit>
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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
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The Model
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The SM is extended by including a spin-3/2 particle �
which is a SM singlet that interacts with the SM particles

through:

• the exchange of a vector particle Z 0
in the s-channel, done

by extending the SM gauge symmetry by adding new U(1)

0

symmetry which is spontaneously broken such that the me-

diator obtains a mass mZ0
.

We also invoke a discrete symmetry Z2 under which the

spin-3/2 DM particle is odd whereas all other SM particles

including the vector mediator are even.
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• OR the exchange of a scalar (S) or a vector (V µ) 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.

<latexit sha1_base64="G4j9RxdkHWhmgHGhrhyap3F3dQI="></latexit>
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The spin-3/2 free Lagrangian is given by:

L = �̄µ(p)⇤
µ⌫�⌫(p),

with

⇤

µ⌫
= (i 6@�m�)g

µ⌫ � i(�µ�⌫
+ �⌫�µ

)+ i�µ 6@�⌫
+m��

µ�⌫ ,

where �µ satisfies ⇤

µ⌫�⌫ = 0 and being on mass-shell.

We have

( 6p�m�)�µ(p) = @µ�µ(p) = �µ�µ(p) = 0.
<latexit sha1_base64="+baCDFRNDiqBb1CsY2ZvrSjs+Ao="></latexit>
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The spin sum for spin-3/2 fermions

S+
µ⌫(p) =

3/2X

i=�3/2

ui
µ(p)ū

i
⌫(p), and S�

µ⌫(p) =

3/2X

i=�3/2

viµ(p)v̄
i
⌫(p),

are given by:

S±
µ⌫(p) = �( 6p±m�)

"
gµ⌫�

1

3

�µ�⌫�
2

3m2
�

6pµ 6p⌫⌥
1

3m�
(�µp⌫��⌫pµ)

#

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, �, and
the SM particles.
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The s-channel
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The interaction of the spin-1 mediator with the SM-fermions

and the DM �↵ is not restricted by MFV to be either vector

or axial vector and can be written in terms of the vector

and axial-vector couplings as

Lf,Z0 � �̄↵�
µ
(gV� ��5gA� )��Z

0
µg

↵�
+

X

f=q,l,⌫

¯f�µ
(gVf ��5gAf )fZ

0
µ.

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.
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The decay width �(Z 0 ! ff̄ + �↵�̄↵) is given by

=
X

f

Nf

12⇡
mZ0

s

1�
4m2

f

m2
Z0

⇥
" 

(gVf )2 + (gAf )
2

!

+
2m2

f

m2
Z0

 
(gVf )2 � 2(gAf )

2

!#
+

mZ0

108⇡

 
m2

�

m2
Z0

!s

1�
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�

m2
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"
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36� 2
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�
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�

+
m6
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�

!
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� 8
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+
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There are several interesting consequences on the DM mass

and couplings arising from the decay width expressions.

If the DMmassm� > mZ0
2 , the only decay channel available

to the mediator Z 0
is into SM fermions. Since �Z0 < mZ0

,

for the case of vector coupling gVf we get

8mZ0

12⇡
(gVf )

2 < mZ0 ) (gVf )

2 <
3⇡

2

,

similarly, for the axial coupling.

<latexit sha1_base64="Oqgz17F0+FsCaa687v9VyP64hFo="></latexit>



8

If DM mass m� < mZ0/2, allowing the mediator to decay

into DM pairs, there is a minimum limit on the DM mass,

given by roughly

1

108⇡

✓
mZ0

m�

◆4

(gV,A� )

2 < 1

In what follows we consider the vector and axial-vector

couplings separately and for simplicity use universal

couplings gV� = gVf and gA� = gAf and restrict to one

generation of SM fermions.
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The mediator Z 0
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.
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Constraints on the s-channel
<latexit sha1_base64="Zxeq4vAKQeO/+ibOwZ4WKeCqldM="></latexit>

Relic Density
<latexit sha1_base64="+u2EC2WNyGmhPnA4hcql5SMoXI0=">AAACCnicbVDLSgNBEJyNrxhf0Ry9DAbBU9iNxsdBCOjBo4pRIQlhdtKbDJmdXWZ61WXJH/gPXvXqTbz6E978FCcxB18FDUVVF92UH0th0HXfndzU9MzsXH6+sLC4tLxSXF27NFGiOTR4JCN97TMDUihooEAJ17EGFvoSrvzB0ci/ugFtRKQuMI2hHbKeEoHgDK3UKZaylh/Qc5vn9BiUEZgOO8WyW9lxd6s1j7oVdwzq/SZlMsFpp/jR6kY8CUEhl8yYpufG2M6YRsElDAutxEDM+ID1oGmpYiGYdjZ+fkg3rdKlQaTtKKRj9XsiY6ExaejbzZBh3/z2RuJ/XjPBYL+dCRUnCIp/HQoSSTGioyZoV2jgKFNLGNfC/kp5n2nG0fZVaCHc4a3oYv/wgIe2kj8F/CWX1Yq3XamdVcv1k0k5ebJONsgW8cgeqZMTckoahJOUPJBH8uTcO8/Oi/P6tZpzJpkS+QHn7ROmG5qN</latexit>

In the early universe, the DM particles �’s were kept in

thermal equilibrium with the rest of the plasma through

the creation and annihilation of �’s. The cross-section of

annihilation process �↵�̄↵ ! f ¯f proceeds through Z 0
and

the spin averaged cross-section in the non-relativistic limit

of the lab frame can be expanded in powers of v2 as

�|v| = a+ bv2 +O(v4)
<latexit sha1_base64="pn9G9JRxAQK2+4OxOskU0gj7inc="></latexit>
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The relic density contributed by the DM particles � can be
obtained by numerically solving the Boltzmann equation:

dn�

dt
+ 3Hn� = �h�|v|i[n2

� � (neq
� )2],

where

H =
ȧ

a
=

s
8⇡⇢

3M2
pl

,

is the Hubble rate, Mpl = 1.22 ⇥ 1019 GeV is the Planck
mass and h�|v|i is the thermally averaged �-annihilation
cross-section, h�(��̄ ! ff̄)vi.
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The Boltzmann equation is solved numerically to yield

⌦DM�2 ' 2⇥ 1.07⇥ 10

19XF

Mpl
p
g⇤(a+

3b
XF

)

,

g⇤ is the number of degrees of freedom at TF and is taken

to be 92 for mb < TF < mZ0
, XF = m�/TF .

The freeze-out temperature is obtained by solving

XF = ln

"
c(c+ 2)

r
45

8

gMplm�(a+

6b
XF

)

2⇡3pg⇤
p
XF

#
,

where c is order of a unit and it taken to be 1/2. g for

spin-3/2 DM is 4. The expressions for a and b are given in

the paper.

<latexit sha1_base64="/Qb7QJLt2fvETEAJ9e8mtyCjxbg="></latexit>
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Direct Detection

<latexit sha1_base64="7QNkwLYvwXa+7o+rtagnO4OxdcY=">AAACDXicbVDJSgNBEO1xN26jghcvjUHwNMzE/SAIevAYwSyQDKGnU2Maexa6a9Qw5hv8B6969SZe/QZvfoqd5aDRB0U93quiq1+QSqHRdT+ticmp6ZnZufnCwuLS8oq9ulbVSaY4VHgiE1UPmAYpYqigQAn1VAGLAgm14Oas79duQWmRxFfYTcGP2HUsQsEZGqllb+TNIKTnQgFHeg5omtF7LbvoOnvuQWnfo67jDkC9cVIkI5Rb9leznfAsghi5ZFo3PDdFP2cKBZfQKzQzDSnjN+waGobGLALt54P7e3TbKG0aJspUjHSg/tzIWaR1NwrMZMSwo8e9vvif18gwPPJzEacZQsyHD4WZpJjQfhi0Pfi37BrCuBLmVso7TDGOJrJCE+Ee70QbOyfHPDKR/AngL6mWHG/X2b8sFU8vRuHMkU2yRXaIRw7JKbkgZVIhnDyQJ/JMXqxH69V6s96HoxPWaGed/IL18Q0ByZvW</latexit>

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

�SI
�N =

µ2f2
N

⇡m4
Z0

=
9µ2

�
gVq gV�

�2

⇡m4
Z0
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�SI
�N '1.4⇥ 10

�37
�
gV� gVq

� ⇣ µ

1GeV

⌘2
✓
300GeV

mZ0

◆4

cm2,

and

�SD
�N =

5µ2

3⇡m4
Z0

a2N =

5µ2
�
gAq g

A
�

�2

3⇡m4
Z0

�
�uN

+�dN +�sN
�2

' 4.7⇥ 10

�39
�
gA� g

A
q

� ⇣ µ

1GeV

⌘2
✓
300GeV

mZ0

◆4

cm2,

where µ = µN = (mp+mn)/2 ' 0.939 GeV is the nucleon-

mass for direct detection
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fp = gV�
�
2gVu + gVd

�
, fn = gV�

�
2gVd + gVu

�

and ap,n =

X

q=u,d,s

gA��qp,ngAq .

The coe�cients �qp,n depend on the light quark

contributions to the nucleon spin:

�up
=�dn = 0.84± 0.02,

�dp =�un
= �0.43± 0.02,

�sp =�sn = �0.09± 0.02.

The cross-section-axial vector terms proportional to gVq gV�
are suppressed by the momentum transfer or the DM vel.

<latexit sha1_base64="MnYhWvQy04jZTMFc/ZEVEEOwvB8="></latexit>



8

10
-46

10
-45

10
-44

10
-43

10
-42

10
-41

10
-40

10
-39

10
-38

10
-37

10
1

10
2

10
3

σ
S

I  [
cm

2
]

mχ [GeV]

g
V
χ,f = 0.01

g
V
χ,f = 0.10

g
V
χ,f = 1.00

LUX 2013

10
-46

10
-45

10
-44

10
-43

10
-42

10
-41

10
-40

10
-39

10
-38

10
-37

10
1

10
2

10
3

σ
S

D
 [

cm
2
]

mχ [GeV]

g
A
χ,f = 0.01

g
A
χ,f = 0.10

g
A
χ,f = 1.00

XENON100

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 mZ]0 is set to give the observed relic density for all
values of m�.
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Indirect Detection

<latexit sha1_base64="CU0mcWgN8Auc7XrT0WYQ6WxSRus=">AAACD3icbVDJSgNBEO1xjXGLehG8NAbBU5iJxuUgBPSgNwWTCEkIPZ0a06SnZ+iuUcMQ/8F/8KpXb+LVT/Dmp9hZDm4Pinq8V0V3PT+WwqDrfjgTk1PTM7OZuez8wuLScm5ltWqiRHOo8EhG+spnBqRQUEGBEq5iDSz0JdT87vHAr92ANiJSl9iLoRmyayUCwRlaqZVbTxt+QM9UW2jgSE8AbbNOv5XLu4Vdd69Y8qhbcIeg3m+SJ2Oct3KfjXbEkxAUcsmMqXtujM2UaRRcQj/bSAzEjHfZNdQtVSwE00yHF/TpllXaNIi0LYV0qH7fSFloTC/07WTIsGN+ewPxP6+eYHDQTIWKEwTFRw8FiaQY0UEcdHS37FnCuBb2r5R3mGYcbWjZBsId3oo2do4OeWgj+RPAX1ItFrydQumimC+fjsPJkA2ySbaJR/ZJmZySc1IhnNyTR/JEnp0H58V5dd5GoxPOeGeN/IDz/gWv3JzB</latexit>

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 viz
e+e�, µ+µ�

, ⌧+⌧�, b¯b, uū, W+W�
, etc.
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The prediction for the DM annihilation into b¯b and ⌧ ⌧̄ for

two representative values of the vector as well as axial-

vector couplings as a function of m�.

The predictions shown here for di↵erent couplings and DM

mass m� are consistent with the observed relic density.
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Monojet Searches

<latexit sha1_base64="TL/Rf5ZoMdmXQiBeDpuj4ZDpQQE=">AAACDXicbZDLSgMxFIYzXmu9VQU3boJFcFVm6n0hFNy4ERStCm0pmfSMjWaSITmjlrHP4Du41a07ceszuPNRTGsX3n4I/Pz/OeTwhYkUFn3/3RsaHhkdG89N5CenpmdmC3Pzp1anhkOVa6nNecgsSKGgigIlnCcGWBxKOAuv9nr92TUYK7Q6wU4CjZhdKBEJztBFzcJiVg8jeqCVvgSkx8AMb4PtNgtFv7Tub5Y3AuqX/L5o8NsUyUCHzcJHvaV5GoNCLpm1tcBPsJExg4JL6ObrqYWE8St2ATVnFYvBNrL+/V264pIWjbRxTyHtp983MhZb24lDNxkzbNvfXS/8r6ulGG03MqGSFEHxr4+iVFLUtAeDtoQBjrLjDONGuFspbzPDODpk+TrCLd6IFrZ3d3jskPwB8NeclkvBWmnjqFys7A/g5MgSWSarJCBbpEL2ySGpEk7uyAN5JE/evffsvXivX6ND3mBngfyQ9/YJHLSb5g==</latexit>

Monojet searches at the LHC with missing transverse
energy 6ET have been used by CMS at 8 TeV, based on an
integrated luminosity of 19.7 fb�1 to put constraints on the
interaction of quarks and DM particles.

The parameter space (m�,mZ0) for spin-3/2 DM
consistent with the observed DM density for benchmark
couplings used here, these were considered to obtain bounds
by requiring 6ET > 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

gA�,f ⇠ 1.
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The t-channel
<latexit sha1_base64="e1X/HD/pZguQSsEXSrEQr0DrCXw=">AAACDHicdZDNSgMxFIUz9b/+jYorN8FWcGOZ8Qd1IQhuXCpYW2hLyaR32tBMZkjuqGXoK/gObnXrTtz6Du58FNNaoYoeCBzOuZdcviCRwqDnvTu5icmp6ZnZufz8wuLSsruyem3iVHMo81jGuhowA1IoKKNACdVEA4sCCZWgezboKzegjYjVFfYSaESsrUQoOEMbNd31rB6E9KoDtIjFHd5hSoHsN92CX/KGol5pf88/Pji0ZpR8VwUy0kXT/ai3Yp5GoJBLZkzN9xJsZEyj4BL6+XpqIGG8y9pQs1axCEwjG57fp1s2adEw1vYppMN0fCNjkTG9KLCTEcOO+d0Nwr+6WorhUSMTKkkRFP/6KEwlxZgOWNCW0MBR9qxhXAt7K7UENONoieXrCHd4K1rYOTnm0TiS/831bsnfKx1c7hZOz0dwZskG2STbxCeH5JSckwtSJpxk5IE8kifn3nl2XpzXr9GcM9pZIz/kvH0CJ7mawA==</latexit>

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:

Lint � �
�
gS�

�i

⇤

�̄µ g
µ⌫ ui

R D⌫S
⇤
i + h.c..

In this case we do not have a dimension-4 interaction

term because the �µ, which on mass-shell, satisfies

�µ �µ = 0, and thus it is impossible to construct a

Lorentz-invariant dimension-4 interaction term

involving �µ, S and the Dirac field uR.
<latexit sha1_base64="4+9ME1cT03/zTl8X/bH2X+bgmIM="></latexit>
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(b) Vector mediator Vµ: In this case we can write

dimension-4 as well as dimension-5 interaction terms,

namely

Lint � i
�
cV�

�i
�̄µ u

i
R (V µ

i )

⇤
+ h.c.

and

Lint � i

�
gV�

�i

⇤

�̄µ g
µ↵ �� ui

R V ⇤i
↵� + h.c. .

<latexit sha1_base64="q5tvABciweuxDWEDg7IzaqPlhEc="></latexit>
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For all calculations we set ⇤ = 1 TeV, and the interaction

Lagrangian for the scalar and vector can be written as:

L
scalar

= (D
µ

S
i

)

†
(Dµ S

i

) � m2
Si

S†
i

S
i

,

L
vector

= �1

4

V †i
µ⌫

V µ⌫

i

+ m2
V

V †
µ i

V µ i

+ i g
s

V †
µ i

ta V i

µ

Gµ⌫

a

,

where V i

µ⌫

= D
µ

V i

⌫

� D
⌫

V i

µ

.

The covariant derivative is given by

D
µ

= @
µ

+ i g
s

t
a

Ga

µ

+ i g
1

2

~⌧ . ~W
µ

+ i g0
1

2

Y B
µ

,

where g
s

is the QCD strong coupling constant.

<latexit sha1_base64="gMR90ZyeGfSrdN8TGoTh3UlwdfU="></latexit>
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Unlike the s-channel mediator, where a single mediator is

required, in the t-channel model we require a di↵erent

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 MFV

structure on the Yukawa couplings.

The parameter space will consist of the DM candidates

massm�, the vector (scalar) couplings

⇣�
cV�

�i
,
�
gV�

�i⌘
,

�
gS�

�i

and the mediator masses mi
S (mi

V ), for each generation.

<latexit sha1_base64="oDB39FrkKYqC9kl8+gCULdEJY3g="></latexit>
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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
�(Si /V i ! � ūi), dropping the generation index, are given
by:

<latexit sha1_base64="VVFDUnkOLY644YCPB+EBSqphsq8="></latexit>
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�(S ! � ū) =

�
gS�
�2

m5
S

96⇡⇤

2 m2
�

"
1�

 
m�

mS
+

mu

mS

◆2
#

⇥
"
1�

 
m�

mS
� mu

mS

◆2
#
⇥
"
1 �

m2
�

m2
S

� m2
u

m2
S

#

⇥ �1/2

 
1,

m2
�

m2
S

,
m2

u

m2
S

!

'
�
gS�
�2

m5
S

96⇡⇤

2 m2
�

 
1�

m2
�

m2
S

!4

,

since mi
S ,m� �mu is true for all quarks, except the top

quark, and �(a, b, c) ⌘ a2 + b2 + c2 � 2 a b � 2 a c � 2b c ;
<latexit sha1_base64="l8jrPVQxTiRd/aHb8BSSSZ6QgTo="></latexit>
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�(V ! � ū) =

�
cV�
�2

mV

288⇡

 
1 �

m2
�

m2
V

� m2
u

m2
V

!"
5 +

m2
V

m2
�

+

m2
�

4m2
V

� m2
u

m2
�

� m2
u

2m2
V

+

m4
u

4m2
V m2

�

#
�1/2

 
1,

m2
�

m2
V

,
m2

u

m2
V

!

'
�
cV�
�2

mV

288⇡

 
1 �

m2
�

m2
V

!2 
5 +

m2
V

m2
�

+

m2
�

4m2
V

!
,

for the dimension-4 Lagrangian
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and

�(V ! � ū) =

�
gV�
�2

m5
V

288⇡⇤

2 m2
�

"
m2

�

m2
V

+

m4
�

m4
V

�
3m6

�

m6
V

+

 
1 � m2

u

m2
V

!3

+

5m4
� m2

u

m6
V

�
m2

� m4
u

m6
V

#

⇥ �1/2

 
1,

m2
�

m2
V

,
m2

u

m2
V

!
'

�
gV�
�2

m5
V

288⇡⇤

2 m2
�

⇥
"
1 +

m2
�

m2
V

+

m4
�

m4
V

�
3m6

�

m6
V

# 
1 �

m2
�

m2
V

!
,

for the dimension-5 interaction Lagrangian.
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Contour plots in the allowed DM mass m� and the mass

splitting ratio r � 1 (with r = mS(mV )/m�) in the left

panels, and in the DM mass m� and the couplings in the

right panels.

We have assumed that the DM � 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.

<latexit sha1_base64="PDsC5piwhS4E0W0byF5MpPbKusk="></latexit>
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Constraints on the t-channel model

<latexit sha1_base64="immdavUkBZuZX4vXJTjE5ZHDsf0="></latexit>

Relic density
<latexit sha1_base64="B2sA/Q34rI7NHlRYnXe1weGdLZk=">AAACCnicbVDLSgNBEJz1GeMrmqOXwSB4CrvxfRAELx5VTBSSEGZne5Mhs7PLTK+6LPkD/8GrXr2JV3/Cm5/i5HHwVdBQVHXRTfmJFAZd98OZmp6ZnZsvLBQXl5ZXVktr6w0Tp5pDnccy1jc+MyCFgjoKlHCTaGCRL+Ha758O/etb0EbE6gqzBNoR6yoRCs7QSp1SOW/5Ib20eU4DUEZgNuiUKm51192v7XnUrbojUO83qZAJzjulz1YQ8zQChVwyY5qem2A7ZxoFlzAotlIDCeN91oWmpYpFYNr56PkB3bJKQMNY21FIR+r3RM4iY7LIt5sRw5757Q3F/7xmiuFhOxcqSREUHx8KU0kxpsMmaCA0cJSZJYxrYX+lvMc042j7KrYQ7vFOBNg7PuKRreRPAX9Jo1b1dqp7F7XKydmknALZIJtkm3jkgJyQM3JO6oSTjDySJ/LsPDgvzqvzNl6dciaZMvkB5/0L2TuarQ==</latexit>

In this section we examine the constraints on the model

parameters m�,mS ,mV and the coupling constants from

the relic density, direct and indirect observations.

<latexit sha1_base64="1obuWJtg5Up/7dAph45PSKTR+gM="></latexit>

In the early Universe the DM relic density is determined by

the dominant DM annihilation processes � �̄ ! u ū,
mediated by the t-channel exchange of scalar/vector

mediators.

<latexit sha1_base64="9XistdAcAOKVUNEn9ZRN5GVd7Ag="></latexit>
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Since the mediators in this model carry colour and charge,

co-annihilation processes like �S(V ) ! u g and

S S⇤
(V V ⇤

) ! g g (even though exponentially suppressed

when mass splitting

�
mS/V � m�

�
> Tf ), will be

important if the DM mass gets close to the mediator mass.

The co-annihilation processes �S(V ) ! u g 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.

<latexit sha1_base64="HybSGPkpUORqxoFYV37Hrrgvgpo="></latexit>
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Self annihilation mediator processes S S⇤
(V V ⇤

) ! g g 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���! u ū cross-section can be easily evaluated, and in

the limit m�, mS , mV � mu are given by

h�(� �̄
S�! u ū)|vi '

�
gS�

�4
m2

�

768⇡⇤

4

1

(1 + r2)2
,

<latexit sha1_base64="1ygB1dZ4WOf8gDuNfGF6TTNoyYA="></latexit>
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h�(� �̄
V�! u ū)|vi '

�
cV�

�4

1536⇡m2
�

1

(1 + r2)2


5 � 4

r2
+

2

r4

�
,

and

h�(� �̄
V�! u ū)|vi '

�
gV�

�4
m2

�

768⇡⇤

4

1

(1 + r2)2

"
5 +

1

24

1

(1 + r2)2

#
,

for the scalar-mediator and the vector-mediator

dimension-4 and dimension-5 interaction Lagrangians, with

the mass ratio r = mS(mV )/m�.
<latexit sha1_base64="Et/MnQWFma8Y09LdhiUbbrDsYp8="></latexit>
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The thermal relic density of �’s is obtained by solving the
Boltzmann equation:

d⌘�
dt

+ 3H⌘� = �h�|vi �⌘2� � (⌘eq� )2
�
,

where H is the Hubble constant, h�|vi is the thermally
averaged �-annihilation cross-section, and

⌘eq� = 4

✓
m� T

2⇡

◆3/2

exp
⇣
�m�

T

⌘
.

The freeze out occurs when the �’s are non-relativistic, and
then h�|vi can be written as:

�|v| = a + b v2 + O(v4).
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The Boltzmann equation can be solved numerically to yield:

⌦DMh2 ' 2⇥ 1.07⇥ 10

9XF

Mpl
p
g⇤(a+

3b
XF

)

,

where g⇤ is the number of degrees of freedom at freeze-out

temperature TF , XF = m�/TF is obtained by solving

XF = ln

"
c(c+ 2)

r
45

8

gMplm�(a+

6b
XF

)

2⇡3
p

g⇤(XF )
p
XF

#
,

where c is taken to be 1/2. g⇤(XF ) is taken to be 92 for

our estimate, and g = 4.

<latexit sha1_base64="mHyrNbq8VG4shgghWq8vPQC69ew="></latexit>
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The annihilation cross-section for the co-annihilation

processes �S(V ) ! u g in this limit are given by

h�(�S ! u g)|vi '
�
gS�

�2
g2s

64⇡⇤

2

(1 + r)

r3


1 +

14

9

r +

13

27

r2
�
,

h�(�V ! u g)|vi '
�
cV�

�2
g2s

165888⇡m2
�

1

r6(1 + r)

"
1164 + 5628 r

+ 11403 r2 + 12568 r3 + 8242 r4

+ 2452 r5 + 319 r6
#
,

<latexit sha1_base64="0+ArdfFp2/hb2OnQ8grI8IExjBQ="></latexit>
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and

h�(�V ! u g)|vi '
�
gV�

�2
g2s

497664⇡⇤

2

1

r5(1 + r)

"
372 + 2724 r

+ 6537 r2 + 8742 r3 + 7072 r4 +

5222 r5 + 307 r6
#
.

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.
<latexit sha1_base64="pK7vCNuT+JUD7HE7uI8EI0nhVXU="></latexit>
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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 DMmasses, 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.

<latexit sha1_base64="NzS7R/ycHBoIcae/iA3LnNKWek8="></latexit>
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We see from the left-hand panels that there are two regions

in the DM mass, one around 80GeV  m�  100GeV

and another one around 300GeV  m�  400GeV, where

the co-annihilation processes result in a sharp drop in the

couplings required for the requisite relic density.

<latexit sha1_base64="/DDsrtD+z5r7cvm/tcawAStQTaQ="></latexit>
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Direct detection

<latexit sha1_base64="N3VV7MqxVWepvUnDyArb29Bl3EU=">AAACDXicbVDJSgNBEO1xN25RwYuXxiB4CjPRuBwEQQ85RjAmkBlCT0+NadKz0F2jhjHf4D941as38eo3ePNT7MQc3B4U9Xiviq5+fiqFRtt+tyYmp6ZnZufmCwuLS8srxdW1S51kikODJzJRLZ9pkCKGBgqU0EoVsMiX0PR7p0O/eQ1KiyS+wH4KXsSuYhEKztBIneJG7vohPRMKONIA0DSjDzrFkl3es/crVYfaZXsE6vwmJTJGvVP8cIOEZxHEyCXTuu3YKXo5Uyi4hEHBzTSkjPfYFbQNjVkE2stH9w/otlECGibKVIx0pH7fyFmkdT/yzWTEsKt/e0PxP6+dYXjo5SJOM4SYfz0UZpJiQodh0GD0b9k3hHElzK2Ud5liHE1kBRfhFm9EgN3jIx6ZSP4E8JdcVsrObrl6Ximd1MbhzJFNskV2iEMOyAmpkTppEE7uyAN5JE/WvfVsvVivX6MT1nhnnfyA9fYJNSmb9g==</latexit>

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 DM-

nucleon scattering cross-section is estimated by noting there

are two scales present in the scattering.

The TeV cut-o↵ scale ⇤ and the QCD scale⇠ 100 MeV,

which represents the typical energy and momentum of quarks

bound inside the non-relativistic nucleons.

<latexit sha1_base64="TfWgZmkhj5jGiUhRN21HfDzMuQo="></latexit>
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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

M '1

2

�
gV�

�2
m2

�

⇤

2
ū↵

(p2) �
µ PR u�

(p1)

⇣
g↵� � p↵ p�

m2
V

⌘

s � m2
V

⇥ v̄ (p3) �µ PR v (p4) ,

where p1 and p2 are the momenta of the incoming and

outgoing DM particles, p3 and p4 are the corresponding

incoming and outgoing quark momenta and p = p1 + p3.
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In the non-relativistic approximation

M ' 1

8

�
gV�
�2

m2
�

⇤

2

1

m2
� � m2

V

⇥
"
ū↵

(p2) �
µ u↵ (p1) v̄ (p3) �µ v (p4)

#
.

The DM-nucleon scattering cross-section is then

�SI ' 1

64⇡

 
gV�
⇤

!4
µ2

(1 � r2)2
fN ,
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and similarly for the dimension-4 vector mediated

interaction, we get

�SI ' 1

64⇡

�
cV�

�2
µ2

m4
� (1 � r2)2

fN ,

where µ =

m� mN

m� +mN
, fN = 4 for protons and 1 for the

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, �SI
, 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.
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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 �SI

near r = 1.
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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 XENON1T
experiment.
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Indirect detection
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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 uū Fermi-LAT

observations.

As expected in the parameter region where co-annihilation

is important (r ' 1) the � �̄ annihilation cross-section in

the u ū 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

⌦DMh2
= 0.12.
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Collider bounds
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The t-channel mediator model considered here has scalar
and vector mediators which carry colour, SU(2)L 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 q g ! q � �̄ are the dominant
processes, in comparison to q q̄ ! g � �̄, because of the
large parton distribution probability of the gluon, as
compared to quark and antiquark in the proton.
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In the present study we confine ourselves to constraints

arising from the monojet signals using the parameters space

(m� mS/V ) for di↵erent values of the couplings

�
gS�

�i
/

�
gV�

�i
/

�
cV�

�i
consistent with the observed relic

density.

The cross-section for monojet events is obtained by

generating parton level events for the process p p ! � �̄ 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.
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We employ the usual cuts, and the cross-sections are

calculated to put bounds on the parameters of the model by

requiring (i) Emiss
T > 250GeV and (ii) Emiss

T > 450GeV,

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) Emiss

T > 250GeV and
(ii) Emiss

T > 450GeV.
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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 19.7 fb

�1
is shown

by solid black line.

<latexit sha1_base64="vCG4Hi0xTkpvbOy31lyw/mm29RU="></latexit>



8

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.
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Summary
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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:

• 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.
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• For the vector coupling almost the entire parameters
space (m�,mZ0) 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 gV�,f ⇠ 0.01 there is
only a narrow window allowed in the parameter space
viz m� >1 TeV, mZ0 ' 2 TeV.

• The case of vector mediator with pure axial-vector
coupling in contrast is di↵erent. The parameter space
consistent with the observed relic density is also
allowed by the direct (XENON100 neutron) and
indirect observations.
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• 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.

• The case of pure axial coupling is however di↵erent.
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.
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The thermal relic DM abundance has been computed by

taking into account the co-annihilation processes.

Co-annihilation has the e↵ect of reducing the Yukawa

couplings needed to generate the required DM density.

The co-annihilation e↵ects 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.
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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 is unable to ameliorate this.
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(b) There are no strong bounds from the the direct

detection experiments on the scalar mediated

interactions due to the velocity suppression of �SI
.

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.

(c) The current constraints from indirect searches like,

Fermi-LAT data, are not sensitive enough to put any

meaningful constraints.
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(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).
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