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• Particles not included in the
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• Production in the early Universe
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Dark-matter sterile neutrinos in models with a gauge singlet in the Higgs sector

Kalliopi Petraki and Alexander Kusenko

Department of Physics and Astronomy, University of California, Los Angeles, CA 90095-1547, USA

Sterile neutrino with mass of several keV can be the cosmological dark matter, can explain the

observed velocities of pulsars, and can play an important role in the formation of the first stars.

We describe the production of sterile neutrinos in a model with an extended Higgs sector, in which

the Majorana mass term is generated by the vacuum expectation value of a gauge-singlet Higgs

boson. In this model the relic abundance of sterile neutrinos does not necessarily depend on their

mixing angles, the free-streaming length can be much smaller than in the case of warm dark matter

produced by neutrino oscillations, and, therefore, some of the previously quoted bounds do not

apply. The presence of the gauge singlet in the Higgs sector has important implications for the

electroweak phase transition, baryogenesis, and the upcoming experiments at the Large Hadron

Collider and a Linear Collider.

PACS numbers: 14.60.St, 95.35.+d
I. INTRODUCTION

The discovery of the neutrino masses can easily be

incorporated into the Standard Model (SM) by adding

two or more SU(3)×SU(2)×U(1) singlet fermions, often

called right-handed neutrinos, which are allowed to have

the Yukawa couplings to the Higgs boson and the stan-

dard, left-handed neutrinos. The Yukawa couplings gen-

erate the Dirac mass terms for the neutrinos after the

spontaneous symmetry breaking. In addition, the singlet

fermions can have some Majorana masses. The interplay

between the Dirac mass and the Majorana mass, known

as the seesaw mechanism [1], can accommodate the ob-

served neutrino masses for a variety of Majorana masses.

If the Majorana mass terms are large, the particles asso-

ciated with the singlet fields are very heavy. However, if

one or more Majorana masses are below the electroweak

scale, the so called sterile neutrinos appear among the

low-energy degrees of freedom. These new particles can

be the cosmological dark matter [2, 3, 4, 5, 6, 7, 8], their

production in a supernova can explain the pulsar kicks [9]

and can affect the supernova explosion in a variety of

ways [10]; the same particles can play an important role

in the formation of the first stars [11] and some other

astrophysical phenomena [12].

The properties of the sterile dark matter, and, in par-

ticular, how warm or cold it is for a given mass, de-

pend on the production mechanism. One mechanism,

which generates a population of relic sterile neutrinos

at the sub-GeV temperature was proposed by Dodel-

son and Widrow (DW) [2]. If the lepton asymmetry is

negligible, this scenario appears to be in conflict with a

combination of the X-ray bounds [13] and the Lyman-α

bounds [14, 15]. This conclusion is based on the state-

of-the-art calculations of the sterile neutrino production

in neutrino oscillations [3]. It is possible to evade this

constraint if the lepton asymmetry of the universe is

greater than O(10−3) [4]. On the other hand, some as-

tronomical observations [16, 17] point to a non-negligible

free-streaming length for dark matter, which favors warm

dark matter. Moreover, warm dark matter can cause fil-

amentary structure on small scales [18], in contrast with

cold dark matter. It is also possible that the sterile neu-

trinos make up only a fraction of dark matter [15], in

which case they can still be responsible for the observed

velocities of pulsars [7, 9].

Dodelson–Widrow mechanism is not the only mecha-

nism by which sterile dark matter could be produced.

The relic population of sterile neutrinos could be gener-

ated in a variety of ways, for example, from their cou-

pling to the inflaton [6], the electroweak-singlet Higgs

boson [7], or the radion [8]. Whatever the production

history of sterile neutrinos might be at the high tem-

perature, there is always some additional amount pro-

duced in neutrino oscillations at some sub-GeV temper-

atures [2, 3]. The two components can have very dif-

ferent momentum distributions. Therefore, generically

this form of dark matter is a mixed two-component dark

matter, which can have some very interesting observable

consequences [19].
In this paper we concentrate on the possibility that the

relatively light Majorana mass could arise via the Higgs

mechanism in a model with an SU(2)×U(1)-singlet Higgs

boson coupled to the Standard Model Higgs boson [20],

and that the sterile neutrinos could be produced from the

Higgs decays at a temperature as high as 100 GeV [7]. We

will explore various scenarios for such production and the

implications for the electroweak phase transition. In par-

ticular, we will address the cooling and the red-shifting of

dark matter, which have important implications for dark

matter profiles in halos [16, 17], the small-scale structure

inferred from Lyman-α observations [14], and the veloc-

ity dispersion in dwarf spheroids [16].
II. MAJORANA MASSES FROM AN

EXTENDED HIGGS SECTOR

Although the Standard Model was originally formu-

lated with massless neutrinos νi transforming as compo-

nents of the electroweak SU(2) doublets Lα (α = 1, 2, 3),

the neutrino masses can be accommodated by a relatively

Asymmetric WIMP Dark Matter in the presence of DM/anti-DM
Oscillations

Gabrijela Zaharijas

The Abdus Salam International Centre for Theoretical Physics,

Strada Costiera 11, I-34014 Trieste, Italy

The class of ‘Asymmetric Dark Matter’ scenarios relies on the existence of a primordial

particle/anti-particle asymmetry in the dark sector related to the baryon asymmetry as a

way to address the observed similarity between the baryonic and dark matter energy densi-

ties today. Focusing on this framework we calculate the evolution of the dark matter relic

abundance in the presence of particle/anti-particle oscillations. We show how oscillations re-

open the parameter space of asymmetric dark matter models, in particular in the direction of

allowing large (WIMP-scale) DM masses. Finally, we constrain the parameter space in this

framework by applying up-to-date bounds from indirect detection signals on annihilating DM.

1
Introduction

In the last years we witnessed a revival of interest in Asymmetric Dark Matter (aDM) models

(for a recent list of references see 1,2) in which dark matter (DM) abundance is determined by an

initial asymmetry between dark matter particles and anti-particles. The main motivation for this

approach is to address the observed similarity in the DM abundance (⌦
DM) and the abundance

of baryons (⌦
B), ⌦

B/⌦
DM ⇠ 1/5 by relating primordial asymmetries in the two sectors 3.

Like in the case of baryons, if there exists a primordial particle/anti-particle asymmetry in

the dark sector, annihilations proceed until depletion of the symmetric part of the population.

The final abundance of DM is therefore controlled by the primordial asymmetry, in a contrast to

usual freeze-out WIMP scenarios where the relevant quantity is the value of the DM annihilation

cross section. A possible issue in this approach is that if the asymmetry in the dark sector is

linked to the baryon number, then the observed DM abundance is explained naturally for rather

light, O (5 GeV) DM mass.

This conclusion changes in the presence of oscillations between DM and anti-DM particles,

and in 1
we study this process in detail (see also 4,2). Oscillations replenish the depleted pop-

ulation of ‘targets’ so that annihilations can re-couple and deplete further the DM/anti-DM

abundance. The final DM relic abundance is therefore attained through a more complex history

than in the standard aDM case and in a closer similarity to the freeze-out one opening up the

parameter space towards heavier DM masses in a natural way.

2
Theory motivations

In 1
we assume that the dark matter particle DM is not its antiparticle DM and that there exists

a primordial asymmetry between the two populations. We then study the evolution of the two
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Neutralino Dark Matter and the Curvaton

Martin Lemoine∗ and Jérôme Martin†

Institut d’Astrophysique de Paris, UMR 7095-CNRS,

Université Pierre et Marie Curie, 98bis boulevard Arago, 75014 Paris, France

(Dated: February 5, 2008)

We build a realistic model of curvaton cosmology, in which the energy content is described by

radiation, WIMP dark matter and a curvaton component. We calculate the curvature and isocur-

vature perturbations, allowing for arbitrary initial density perturbations in all fluids, following all

species and their perturbations from the onset of dark matter freeze-out onto well after curvaton

decay. We provide detailed numerical evaluations as well as analytical formulae which agree well

with the latter. We find that substantial isocurvature perturbations, as measured relatively to the

total curvature perturbation, can be produced even if the curvaton energy density is well underdom-

inant when it decays; high precision measurements of cosmic microwave background anisotropies

may thus open a window on underdominant decoupled species in the pre-nucleosynthesis early Uni-

verse. We also find that in a large part of parameter space, curvaton decay produces enough dark

matter particles to restore WIMP annihilations, leading to the partial erasure of any pre-existing

dark matter - radiation isocurvature perturbation.

PACS numbers: 98.80.Cq, 98.70.Vc

I. INTRODUCTION

According to standard lore, the cosmological density perturbations at the origin of large scale structure were seeded

at some very early time by the decay of the field that is also responsible for inflation. In the past few years, there

has been growing interest in a variant of this cosmological scenario, in which another field, denoted the “curvaton”,

communicates its own perturbations to matter and radiation. In the simplest version, the curvaton plays a negligible

rôle in determining the dynamics of the Universe at the time of inflation, but comes to dominate the energy density in

the radiation era, and as such, it becomes the seed of energy density perturbations through its decay. From a technical

point of view, the curvaton scenario transforms an initially isocurvature perturbation into an adiabatic (or curvature)

perturbation, as demonstrated in another context in Ref. [1] and more recently in Ref. [2] (see also Ref. [3]).

In the “simplest” curvaton model, radiation is composed of a single fluid deprived of an intrinsic density perturbation

before curvaton decay; the final perturbation is then purely adiabatic. However, as already noted in [2], radiation

is generically a mixture of different interacting fluids, so that if the curvaton decays after the decoupling of one of

the constituents, an isocurvature perturbation will appear between this latter and the rest of radiation. Detailed

calculations have been provided in Refs. [6, 7] for isocurvature perturbations generated between photons and baryons,

between photons and neutrinos as well as between photons and dark matter and their impact on the CMB anisotropies.

Non-gaussian signatures are also to be expected [8, 9]. The implementation of a curvaton scenario in the framework

of high energy physics and supersymmetric theories has been proposed in several studies, see for instance [10].

Since any pre-existing isocurvature perturbation between two interacting fluids is erased on a short timescale if

the fluids share thermal equilibrium [11], an isocurvature perturbation can only be generated when the curvaton

decays after the decoupling of one of these components. In this respect, the case of WIMP dark matter - photon

isocurvature perturbation appears particularly interesting. Dark matter is indeed expected to decouple very early

on from radiation, hence this leaves significant room for the curvaton to decay after decoupling and before big-bang

nucleosynthesis (as required by cosmology). This may be put in contrast with baryons and neutrinos which decouple

just before big-bang nucleosynthesis.

To our knowledge, there is no exhaustive survey of the curvature and isocurvature perturbations generated in

a “realistic” curvaton model which takes into account the existence of radiation and dark matter, the influence of

the freeze-out of this latter fluid, the influence of initial density perturbations in radiation and dark matter and the

different decay widths of curvaton into radiation and dark matter. For instance, Ref. [6] has computed the isocurvature

and curvature perturbations under specific assumptions on the origin of dark matter, neglecting the effect of freeze-

out and of different branching ratios. The generation of a net isocurvature fluctuation during dark matter freeze-out

∗Electronic address: lemoine@iap.fr

†Electronic address: jmartin@iap.fr
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(April 28, 2015)ABSTRACT

The searches for heavy Higgs bosons and supersymmetric (SUSY) particles at the

LHC have left the minimal supersymmetric standard model (MSSM) with an unusual spec-

trum
of SUSY particles, namely, all squarks are beyond a few TeV while the Higgs bosons

other than the one observed at 125 GeV could be relatively light. In light of this, we study

a scenario characterized by two scales: the SUSY
breaking scale or the squark-mass scale

(M
S ) and the heavy Higgs-boson mass scale (M

A ). We perform
a survey of the MSSM

parameter space with M
S <∼ 10 10

GeV
and M

A <∼ 10 4
GeV

such that the lightest Higgs

boson mass is within the range of the observed Higgs boson as well as satisfying a number

of constraints. The set of constraints include the invisible decay width of the Z
boson

and that of the Higgs boson, the chargino-mass limit, dark matter relic abundance from

Planck, the spin-independent cross section of direct detection by LUX, and gamma-ray flux

from
dwarf spheroidal galaxies and gamma-ray line constraints measured by Fermi LAT.

Survived regions of parameter space feature the dark matter with correct relic abundance,

which is achieved through either coannihilation with charginos, A/H
funnels, or both. We

show
that future measurements, e.g., XENON1T

and LZ, of spin-independent cross sec-

tions can further squeeze the parameter space.

1
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We study under which conditions a scalar
particl

e is a viable WIMP Dark Matter
candidate

with Higgs and dilaton
interact

ions. The theory
is a composite

Higgs model with top partial

compositen
ess where both the Higgs and the Dark Matter

candidate arise
as pseudo Goldstone

boson
of the coset

SO(6)/S
O(5) from

a new physics sector
. We highlight the role of the dilaton

in

direct
and indirect

search
es. We find that a Dark Matter

particl
e with a mass around 200-4

00 GeV

and a relati
vely light dilaton

are a fair prediction
of the model.

I. INTRODUCTION

Light scalar
s are believe

d to be unlikely
in Nature,

unless there is a fine tuning or there exists an underly-

ing dynamics screen
ing the quadratic

ultraviolet
sen-

sitivity. Indeed the Standard Model (SM) su↵ers from

the hierarc
hy problem because of the Higgs boson: an

interest
ing possibility is that the Higgs boson, rather

than an elementary particl
e, is a composite

object, a

bound state
of a new, yet undiscove

red, interact
ing

theory which gets strong at the TeV scale.
In partic-

ular the idea that the Higgs is not only a composite

object but a pseudo Nambu Goldstone boson (pNGB),

like pions in QCD, is especially
appealing, because of

the approximate built in shift symmetry.

From a di↵erent perspective
, also the Dark Matter

(DM) density in the Universe
could be accou

nted for

by a scalar
particl

e, again
subject to the same natural-

ness issue, and if it is a weakly interact
ing massive

par-

ticle (WIMP), its mass should be broadly in the TeV

range. Therefor
e a very compelling picture emerges

if

a single new strongly interact
ing sector

is responsible

for both the Higgs and the DM. We pursue this ap-

proach
in a next to minimal pNGB Composite

Higgs

Model (CHM), based on the symmetry breaking coset

SO(6)/S
O(5): it includes a custodial SO(4) and it is

exactly
describ

ed by five Goldstone modes, a bidou-

blet H and a singlet ⌘
. This coset,

or the isomorphic

SU(4)/S
p(4), can be formulated

in an underlying the-

ory of fundamental techni-quarks and it has alread
y

receiv
ed some atten

tion [1–6].
If ⌘ is su�ciently stable

it is a perfect
DM candidate: this is achieved

if the

⇤Electro
nic address:

visionk@kaist.
ac.kr

†Electro
nic address:

sjjlee
@korea

.edu

‡Electro
nic address:

parolin
i85@kias.re

.kr

theory respects a global Z2 symmetry under which ⌘
is

odd. The main di↵erence with the case of elementary

scalar
s is in the form

of the interact
ions. This very

predictive
setup has alread

y been explored
[7, 8]. We

want to extend the analysis assuming that the strong

sector
provides a secon

d DM portal
to SM particl

es:

on top of Higgs exchange the dilaton
could play an

importan
t role, if the strong sector

is an approximate

Conformal Field Theory (CFT) and it features a light

dilaton
. A light dilaton

is also a rare phenomenon

in spontaneously broken
CFTs in the sense that it

requires fine tuning, [9–13
], but if present it a↵ects

the DM phenomenology,
if it is a di↵erent state

than

the Higgs scalar
. We will show how in our model the

light dilaton
a↵ects the DM phenomenology,

mainly

fixing a lighter DM mass; moreov
er it gives

the domi-

nant contribution to Sommerfeld
enhanced processes

.

The dilaton
portal

in composite
DM models has been

studied in [14], but neglect
ing Higgs e↵ects.

A com-

plete picture including both is the main object of our

present work. In [15] a similar interplay was studied,

but without the pNGB structure.

The rest of the paper is organ
ized as follow

s. After

defining an e↵ective
Lagran

gian in sectio
n II, includ-

ing the other composite
reson

ances typically
consid-

ered
in CHM, we introduce the dilaton

field � and

we derive
the interact

ions between the light scalar
s,

h, ⌘ and �, and the SM fermions and vecto
rs in sec-

tion III. We move to DM properties
, starti

ng from
the

computation
of the relic density, sectio

n IV, to direct

and indirect
constrain

ts, in sectio
n V and VI respec-

tively
. We take

into accou
nt collid

er constrain
ts in

sectio
n VII. Finally we summarize

and we draw our

conclusions in sectio
n VIII.
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The 750 GeV Diphoton Excess from a Pseudoscalar in

Fermionic Dark Matter Scenario

Karim Ghorbani ∗
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Abstract

Assuming that the newly announced 750 GeV diphoton excess by ATLAS and

CMS is due to a decaying pseudoscalar particle, we analyze the singlet fermionic dark

matter scenario with the pseudoscalar playing the role of the mediator. The dark

sector connects to the standard model sector through the Higgs portal and effective

operators of gluons and photons. We show that there is a range of dark matter

masses within ∼ 88 − 280 GeV that beside giving the correct relic density provided

by Planck, matches also with the total decay width of 25 − 45 GeV measured by

ATLAS. Due to the presence of the pseudoscalar mediator, the DM-nucleon cross

section is velocity suppressed so that the model evades easily the bounds put by

even future direct detection experiments such as XENON1T.

∗
kghorbani@ipm.ir

†
pghorbani@ipm.ir

1

Top
Quark

Mediat
ed

Dark
Matt

er

Yue Zhang

Int
ern

atio
nal

Cent
er

for
Theo

reti
cal

Phys
ics,

Tries
te

340
14,

Ital
y

We stu
dy the top

quark
port

al dom
inate

d dark
matt

er inte
rac

tion
s, and its

implica
tion

s for
the

gam
ma ray

line sea
rch

es.
In

this pictu
re,

the dark
matt

er
inte

rac
tion

s with
photo

ns and glu
ons

are
loo

p induced
by

the axi
al anom

aly
of the top

quark
curren

t. We show
there

can
be a natu

ral

suppress
ion

of
the tree

-lev
el annihilat

ion
of

dark
matt

er,
and the photo

n channel in
turn

has
a

substa
ntia

l ra
te when

the main
annihilat

ion
proc

eed
s into

glu
ons. We observ

e a com
petit

ion
betw

een

the indirec
t dete

ctio
n of gam

ma ray
line and the sea

rch
with

monojet
plus missi

ng energ
y eve

nts
at

LHC, an
d the 7 TeV

data
alre

ady set
an

upper bound of ⇠
10

�28 cm
3 s

�1 on
the photo

nic annihilat
ion

cro
ss sec

tion
. This upper lim

it is com
patib

le with
a therm

al WIM
P sce

nario
.

Int
rod

ucti
on.

The exis
ten

ce of dark
matt

er (DM) in

the univer
se has

been
esta

blish
ed

by
var

iou
s cos

molo
gi-

cal
observ

atio
ns, yet

its
ident

ity
has not been

uncov
ere

d.

Many
exp

erim
ent

s are
now

goi
ng on

in ord
er to direc

tly

or indirec
tly

dete
ct its

tra
ce.

The indirec
t dete

ctio
n us-

ing the monoch
rom

atic
cos

mic gam
ma ray

cou
ld

serv
e

as
a clea

r evid
ence

for
DM

bein
g from

part
icle

phys
ics

orig
in. Since the DM

is elec
tric

neutra
l, its

annihilat
ion

into
two photo

ns must happen
at loo

p leve
l, naiv

ely
sup-

press
ed by

a fact
or of (↵/⇡)2 com

pare
d with

the tree
leve

l

annihilat
ion

to charg
ed

final sta
tes.

For therm
al weak

ly

inte
rac

ting mass
ive

part
icle

(W
IM

P) pictu
re

whose
to-

tal
annihilat

ion
cro

ss sec
tion

is aro
und a picob

arn
, the

induced
two photo

n annihilat
ion

rat
e is far

below
the

curren
t Ferm

i LAT sen
siti

vity
.

Early
this yea

r, there
were

sev
era

l analy
sis

[1–
3] of the

4-y
ear

Ferm
i data

showing the posit
ive

sign
atu

res
in the

gam
ma line sea

rch
from

the gal
act

ic cen
ter,

with
energ

y

130
GeV

and a cro
ss sec

tion
1.3

⇥ 10
�27 cm

3 s�
1 if orig

i-

natin
g from

DM annihilat
ion

[4].
This is only one ord

er

of magn
itude below

the therm
al c

ros
s sec

tion
. A more

re-

cen
t data

rep
roc

essi
ng perfo

rmed
by

the Ferm
i-LAT col-

lab
ora

tion
shows a sim

ilar
line-li

ke feat
ure which

slig
htly

shifts
to

135
GeV. While

the sign
ifican

ce
of this exc

ess

rem
ain

s at ⇠
3�

, it see
ms at prese

nt one can
not exc

lude

the uncer
tain

ties
from

sys
tem

atic
s or the ear

th lim
b pho-

ton
back

gro
und [5].

On the con
serv

ativ
e side, the glo

bal

analy
sis

of Ferm
i data

o↵e
rs an

upper bound on
the DM

to two photo
n annihilat

ion
cro

ss sec
tion

, which
is aro

und

10
�27 cm

3 s�
1 for

photo
n energ

y 130
GeV

[6].

The above
hint

has
inspired

a pleth
ora

of theor
etic

al

stu
dies

[7,
8, 14]

on
DM

models
that

can
giv

e an
“en

-

hanced
” gam

ma ray
feat

ure from
annihilat

ion
. Questi

ons

need
to

be address
ed

inclu
de:

wheth
er

this sign
al can

be rec
oncile

d with
therm

al DM
para

digm
; what are

the

cor
rela

ted
phenom

ena and in turn
their

con
stra

ints
[9–

11]
. Poss

ible answers
to the form

er questi
on

inv
olv

e the

suppress
ion

or elim
inatio

n of direc
t annihilat

ion
to ligh

t

charg
ed

sta
ndard

model (SM) ferm
ion

s. In
many

cas
es,

additio
nal s

tat
es oth

er than
the DM itse

lf are
intr

oduced
,

play
ing the role

of co-
annihilat

or
or

inte
rmediate

sta
tes

(rea
l or virt

ual)
in the annihilat

ion
.

In this paper,
we inv

esti
gat

e a cas
e when DM � cou

ples

pred
om

inant
ly with

the top
quark

[12
–14

], and ass
ume

the cou
plings

to
oth

er SM
ferm

ion
s or

boso
ns are

neg-

ligi
bly small

throu
ghout the discu

ssio
n. For the bulk of

this work
, we con

sider the cas
e when

the DM
is ligh

ter

than
the top

quark
. In

this cas
e, it can

not
annihilat

e

into
both

on-sh
ell

top
quark

and ant
iqu

ark
, and we no-

tice
a fact

that
the three

-body annihilat
ion

thresh
old

mt+
mW

+mb
⇡ 256

GeV, is only a few
GeV

below
twice

of the suspect
ed

gam
ma line energ

y in
Ferm

i (⇠ 130
–

135
GeV), or twice

of the cor
resp

onding DM mass
. This

indicat
es additio

nal final sta
te phase

space
suppress

ion

for
the proc

ess
��̄

! tW
� b̄ or

t̄W
+ b.

Mean
while,

the

DM
can

also
annihilat

e into
two photo

ns via
the top

quark
loo

p. The rat
io betw

een
the two cro

ss sec
tion

s

can
be esti

mate
d as

�v��̄!
��

�v��̄!
tW

b

⇠ 4⇡

⇣ ↵
⇡

⌘2 m
2
�

�m
2

,

(1)

where
the fact

or 4⇡
sta

nds for
a gen

eric
rat

io of two- and

three
-body final s

tat
e phase

space
s, a

nd �m
⇡ 2m�

�mt�

mW
�mb

prov
ides additio

nal suppress
ion

when
the late

r

is bein
g kin

em
atic

ally
squ

eez
ed. For m�

⇠ 130
GeV

and

�m
⇠ few

GeV, the rat
io can

be as larg
e as 0.1

. It serv
es

as one motiv
atio

n to stu
dy poss

ible enhanced
gam

ma ray

line sign
als

with
this setu

p. Anoth
er advan

tag
e of the top

quark
port

al i
s that the con

tinu
um gam

ma ray
con

stra
int

turns out to be less
sev

ere
[11

].

A part
icu

lar
feat

ure of the top
quark

loo
p induced

an-

nihilat
ion

s into
��

and gg
discu

ssed
here

is that,
they al-

ways
proc

eed
throu

gh
the axi

al anom
aly

of the top
quark

curren
t. For the mass

ran
ge m�

. 130
GeV, th

e �
�̄ ! gg

channel will dom
inate

ove
r the three

-body one and lead

to the larg
est

rat
io of photo

nic to the tot
al annihilat

ion

cro
ss sec

tion
, which

is ⇠
0.4

%. The DM
mass

indicat
ed

from
the Ferm

i data
lies

within this window.

The main
con

seq
uences

of
the above

pictu
re

are
as

foll
ows.

Such
top

quark
port

al bein
g behind the Ferm

i

gam
ma ray

line implies
a siza

ble e↵e
ctiv

e cou
pling of DM

to
glu

ons.
The tot

al annihilat
ion

cro
ss sec

tion
exc

eed
s

that
req

uired
for

the therm
al reli

c density
. This cas

e is

sev
ere

ly con
stra

ined
by

LHC meas
urem

ent
of missi

ng en-

erg
y plus monojet

eve
nts

and has been
exc

luded using the

ar
Xi

v:
12

12
.2

73
0v

2 
 [h

ep
-p

h]
  3

1 
Ja

n 
20

13
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Effective Field Theory

• Heavy-Mediator models → Effective Field Theory

• Approximation for the low energy regime

• Free Lagrangian:

LX =
1

2
X̄ (i /∂ −mDM)X

• Interaction Lagrangian:

Lint = − 1

M2∗
(X̄γµγ5X )(

∑

q

q̄γµγ
5q)
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Effective Field Theory

• Limited range of validity:

Parameter Mcut

ECM

σ

Mcut

EFT
Model B

Model A
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Experimental Approach

• Dark Matter production
in colliders

SM X

SM X

• CMS experiment as
benchmark
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Mono-jet

• Dark Matter particles do not interact
with the detector.

• Mono-jet: events with a high
transverse momentum (pT ) jet,
balanced by ”missing transverse
energy” /ET .
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Statistical Analysis

Basic Principle

The number of events, or the cross section, predicted by the EFT is always
lower or equal to the complete model prediction.

σEFT ≤ σtrue
Calculation of bounds on the parameters of the theory.
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Statistical Analysis
Cut & Count

• Select an optimal region of the phase space (/ET > /E
min
T )

• Impose σEFT ≤ σexc
σEFT =

[
1TeV
M∗

]4
· σ̄(M∗ = 1TeV ) · ε(mDM ,Mcut , /E

min
T )

σexc = maximum cross section compatible with the background at
95% C.L.

• Chi-square test: χ2 = (O−(B̄+S))2

δν2B̄2+B̄+S
≤ χ2

95(1) ' 4

• Lower Bound: M∗ ≥ Mexc
∗ = 4

√
σ̄·ε
σexc
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Cut & Count

The region below the curve is excluded.
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Statistical Analysis
Modified Shape Analysis

• We choose to study the /ET distribution of events.

• We define a likelihood for each bin:

Li (δνi ,Si ,∆Si ) =
1

2π
√

B̄i + Si + ∆Si

1

δνi
e
− 1

2

(B̄i+Si+∆Si−Oi )
2

B̄2
i
δν2

i
+B̄i+Si+∆Si

• ∆Si : signal not predicted by the EFT (∆Si ≥ 0)

• Total likelihood of the system:

Ltot(S,∆S) =
n∏

i=1

Li
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Statistical Analysis
Modified Shape Analysis

Obtain a limit valid for any ∆Si value.

• Test Statistic:

χ2(M∗) =
n∑

i=1

(B̄i + Si + ∆Si −Oi )
2

B̄2
i δν

2
i + B̄i + Si + ∆Si

• Si =
[

1TeV
M∗

]4
· σ̄(M∗ = 1TeV ) · εi (mDM ,Mcut , i) · L

Lower Bound on M∗
The minimum value of M∗ at 95 % C.L. is obtained solving:

χ2(M∗) < χ2
95(n)
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Statistical Analysis
Modified Shape Analysis

Minimise χ2 with respect to ∆Si . Two possible cases:

• B̄i + Si ≥ Oi → ∆Si = 0

• B̄i + Si < Oi → ∆Si = Oi − B̄i − Si

Statistical Reason

Principle of Maximum Likelihood.

Physical Reason

Underestimation of the signal.
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Results

Comparison between MSA and C&C.
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Results

Re-write the limit using: Mcut = g∗M∗.
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Conclusions

• The EFT approach allows us to study Dark Matter production in a
model-independent way;

• Solid and reliable limits;

• We developed a method to combine the EFT approach with a
shape-based statistical analysis;

• Method applicable to similar situations;

• Possible extensions:

• NON-gaussian Likelihood
• Systematics and errors correlated
• Application to different final states
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