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Dark Matter as a WIMP

@ WIMP relic abundance is driven by

processes:
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Dark Matter as a WIMP

@ WIMP relic abundance is driven by

processes:
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@ Cosmo observations (24 ~ 0.11) can g 10 1 100 102 10°
: © time——=

be interpreted as m /T

(ov) ~ 310726 cm¥/s J

~» target value for detection experiments looking for annihilation products
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Testing WIMPS: the “simple” picture

Indirect
Detect®

Fermi, Hess,
Ice Cube, AMS,
CTA...

DM

’
N\

o
)
Q)
[«]
v
wn
wn
o
el
o
=
0
—J
L
<
e
C
<

~100 GeV

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017 3/20



Testing WIMPS: the “simple” picture
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Beyond the simple picture

ways to break (0v) o> (0V)today <> Odirect,coll ?? J
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Beyond the simple picture

ways to break (0v) o> (0V)today <> Odirect,coll ??

@ Depending on the DM properties (odd Z, assumed) and on the portal:

velocity dependent annihilation

richer DM sector with coannihilations (Griest & Seckel *90]

annihilation near thresholds and resonances [Griest & Seckel *90]
annihilation into light mediators

(Sommerfeld enhancement [Hisano *04, Cirelli 0s], secluded DM (pospelov *07)
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Beyond the simple picture

ways to break (0v) o> (0V)today <> Odirect,coll ??

@ Depending on the DM properties (odd Z, assumed) and on the portal:

e velocity dependent annihilation
o richer DM sector with coannihilations (Griest & Seckel *90]
o annihilation near thresholds and resonances [Griest & Seckel "90]
e annihilation into light mediators
(Sommerfeld enhancement [Hisano *04, Cirelli 0s], secluded DM (pospelov *07)

@ non WIMP, non “standard” Freeze-out or stability other than Z;:
FIMP (freeze-in, ...), SIMP, semi-annihilating DM, asymmetric dark
matter, ALP, dark freeze-out, reannihilation, sterile neutrinos (non)
resonantly (see next ulk by M. Drewes], CO-annihilation without chemical
equilibrium...

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017

4/20



Portals to Dark Matter
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Introduction

Portals to Dark Matter
@ SM portals
e H portal
e SM gauge bosons portal o
Qh? = 0.12 with Sommerfeld (& bound states)
12 ;
1 '
10 l
g i& DM
=6 i
g 5 g
i
3 :
ol "V /77777 " purespletpertt T T T T
0 .

b 1 23 156789101112
mp [TeV]

Higgs coupled Minimal DM

[LLH,Tytgat, Tziveloglou, Zaldivar’17]
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Portals to Dark Matter

@ SM portals

e H portal
e SM gauge bosons portal

Qh? = 0.12 with Sommerfeld (& bound states)

12 ;
1 '
10 !
9 L
2
S k&
e fE
=6 H
g 5 g
IS
3 :
o~ pure 3-plet pert.
1r
ol

b 1 23 156789101112

m V
e Dark portals o el

e Dark gauge bosons: Z', W’
o Dark scalars
o Dark Fermions
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Introduction

Simplified Models
t-channel mediators: Scalar vs Fermion DM J
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Why t-channel mediators?

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni "11, Garny "11+ ]

Majorana DM with £ O yo¢ixfz + h.c. * —
Annihilation ov = a + bv? ¢
X
@ a term :s-wave chirally suppressed _ ’ !
o (m /m )2 B fL fL fR _
f1x =N = =

@ b terms :p-wave v suppression
()5 ~ 0.2 while (»*)gc ~ 1076

hopeless for indirect detection
when my/m, < 17?
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Why t-channel mediators?

[Bergstrom’89, Flores et al’89 and also Bringmann *08+, Ciafaloni "11, Garny "11+ ]

Majorana DM with £ O yo¢ixfz + h.c. * —
Annihilation ov = a + bv? ¢
X
@ a term :s-wave chirally suppressed _ !
o (g /my 2 o Kok
717 = = =
@ b terms :p-wave v suppression
<V2>/'(, ~ 0.2 while <V2>GC ~ 1070 X f
hopeless for indirect detection 4 v
when my /m, < 177 N 000 ¢
AN
Not hopeless! Can get significant signal from Ee—
xx — Vi =

The emmission of an extra vector V lifts the
chiral suppression
... but suppressed by 3bdy & extra coupling
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_lnoducion |
What about real Scalar DM ?

[Bergstrom *89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma *13, Giacchino’13.... ]
DM = Majorana
LD ydixfr + h.c.

Z i x— =X, P> -

X f
_ Mg
¢ "=,
X f
L,
g;‘ vool4+4

7= Ggx M2 (1 1)

p-wave suppressed (o< v? for my — 0)

Dark Portals December 21, 2017 8/20



What about real Scalar DM ?

[Bergstrom *89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma *13, Giacchino’13.... ]

DM = Majorana x DM = Real Scalar §
LD ydixfr + h.c. J LDySyYfr+hc..

Z i x——x, o= —® 2 §—= -8V -V
X f

(0] r:%
X [

ovgl = 8LV 1Er
TIXT 487 M2 (1 + 1)

p-wave suppressed (o< v? for my — 0)
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What about real Scalar DM ?

[Bergstrom *89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma *13, Giacchino’13.... ]

DM = Majorana x DM = Real Scalar §
LD ydixfr + h.c. J LDySyYfr+hc..

Z i x——x, o= —® 2 §—= -8V -V
X f S f
_ My ‘ _ My
P "=, ¥ "=y
X s s L
ol = S L .
ly = o — ovgls = = —=
TIXT 487 M2 (1 + 1) T8 60m M2 (1 + 12)*
p-wave suppressed (o< v* for my — 0) d-wave suppressed (o< v* for my — 0)
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What about real Scalar DM ?

[Bergstrom *89+, Bringmann "08+, Ciafaloni ’11, Garny "11+,Toma *13, Giacchino’13.... ]

DM = Majorana x DM = Real Scalar §
LDy xfr + h.c. J LDySyYfr+hc..

Z i x——x, o= —® 2 §—= -8V -V
X f S f
_ My ‘ _ My
P "=, ¥ "=y
X s s L
vl = A T = L
Fix = 7o 777 71 oa ov
T 487 M2 (14 r2)* TS = 6or ME(1+ )
p-wave suppressed (o< v* for my — 0) d-wave suppressed (o< v* for my — 0)

@ Atf.o. (ov)zls/{ov)jlx < 0.16 ~ larger Yukawas for S to match Qqp

e In addition in general higher order effects are more importants in the scalar
case, ie o'v vir < crv and oviy < vy, for Mgy, y fixed & V =1, g

[Toma ™13, Giacchino 13 & "14, Tbarra™14]
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Introduction

Coupling to light leptons:
Significant gamma ray spectral features

[ Giacchino, Lopez-Honorez, Tytgat’ 13& 14]

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017
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Sharp spectral feature

DM /' DM : /DM : f
| ol |
NLZP ‘ ,Z(:z NLZP ,\H\' NLzZPY 7
DM ‘ /DM \ ;oM. (MMM
final state radiation final state radiation Virtual Internal
Bremsstrahlung
The ~ spectrum AR ' ' '
35 F
dN,yll B Mdm dO',yl] 3k
dx U'Yll dE»y 5 25
E N
— Ly — Mize z
asafnof x = g7 and r = S5+ s
@ peaked at E, ~ Mgy, for r — 1 ik
@ Identical for Scalar & Majonana osf
[see also Barger’11] 0 . 0‘.1 ;
X
~» “v line”-like feature with Bremsstrahlung emission )
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In

Enhanced radiative processes for Scalars

see [ Giacchino, LLH & Tytgat '13 &’14 ]
see also [ Toma’13 & Ibarra’14 ]

10°

T T T T
for f.0. <v?>=0.24, mS=100 GeV,y=1

L
10 Scalar § ——

Majorana
Majorana N —=—-=-

OVyee/<OVee>
OVyy/<OVee>
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In ction

Enhanced radiative processes for Scalars

see [ Giacchino, LLH & Tytgat '13 &’14 ]
see also [ Toma’13 & Ibarra’14 ]

10°

T T T T
for f.0. <v?>=0.24, mS=100 GeV,y=1

Scalar § ——
Majorana x =====-=
Majorana N —=—-=-

OVyee/<OVee>
OVyy/<OVee>

Relative enhancement min ~ 50 of the Bremsstrahlung signal for scalar DM !!
Radiative processes 7, yee always more relevant for Real Scalar DM J
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Introduction

Allowed (ov). for relic abundance

Scalar DM Majorana DM
1025 gy 10% g ST
i S
/\v &
1028 ’ 5 1 1026 & 1
— a3 &
) v
o 42 4 @ 1027 E
[= 10 P 10
2, £50 o,
= =
>> 1028 e 0.1 >> 10 0.1
S 3
Fermi LAT GC —— o B
102 HESS — — 3 1029
GAMMA-400 — - —
10730 0.01 1030 0.01
102 10% 104

e when ov o y* dominates ~- larger y for S (due to d—wave)
~ larger (ov).; (modulo the r suppression).

@ Majorana DM: <av>$fl”‘ well beyond current and future experimental
lll'nltS, l’leed extra bOOSt [ see also Bringmann’12,Bergstrom’12]

@ Scalar DM: (av}f‘y‘;}x can be larger by up to 2 orders of magnitude
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Introduction

Coupling to light quarks:
Complementarity: Direct, Indirect and Collider searches

[ Giacchino, Ibarra, Lopez-Honorez, Tytgat, Wild’15]
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Introduction

Viable param. space for coupling to light quarks

L D ySthgr + h.c.

1) = colored fermion mediator
~» opportunities for LHC searches

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017
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Introduction

Viable param. space for coupling to light quarks

L D yStpgr + h.c.

1) = colored fermion mediator
~+ opportunities for LHC searches

Real scalar dark matter, coupling to ug

100
Qh? through freeze-out (f.0.):

@ ovyy & ovyg, included and
(0gg) and (ogg,) important
at f.o. (away from coann.) __

10°

@ Sommerfeld corrections 102
for mediator annihilation 04
. 1078 -
included
~ up ;o max 15% effect 10% 0.01
on 2k 101 102 108 10

mg [GeV]
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Introduction

Viable param. space for coupling to light quarks

L D ySihgr + h.c.

1) = colored fermion mediator
~~ opportunities for LHC searches

Real scalar dark matter, coupling to ug

¥
Qh? through freeze-out (f.0.): 1

@ ovyy & ovyg, included and o ]

(04g) and (0 gg,) important : 1ZR
at f.o. (away from coann.) . i I ]

e Sommerfeld corrections 1 .,
for mediator annihilation 1o .
included
~» up to max 15% effect 102 0.01
on QA2 10! 102 102 104

mg [GeV]
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Direct, indirect and collider searches

Direct detection Comnline t
oupling to ugr
\ / —_—
\ /
S\ " /S 10
q q
—
[ 1
4K
N 7
S\ ~ () - 3 0.1
qy Ad 0.0L
g > 9
q g
December 21, 2017 15/20
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Introduction

Direct, indirect and collider searches

Collider Searches for

. — Coupling to ug
mediator multi-j+ MET

opez Honorez (FNI . Dark Portals December 21, 2017 15720



Introduction

Direct, indirect and collider searches

Indirect detection Coupling to ug
S f
P g
S f
S f :
¥ f
s L. 500N

mg [GeV]

SS — gg dominates at large r = my /mp while SS — ggg dominates at smaller r
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Introduction

Coupling to top quarks

[ to be published: Colucci, Fuks, Giacchino, Lopez-Honorez, Tytgat, VandeCasteele’ 17 (or "18?)]
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From light to heavy quarks

Qh? through freeze-out (f.0.):

LD ySz/;tR + h.c.

Real scalar dark matter, coupling to ug

100

10

10’
Laura Lopez Honorez (FNRS@ULB

102

0.01
108 10*
mg [GeV]
Dark Portals

December 21, 2017
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From light to heavy quarks

L D ySiptg + h.c.

Qh? through freeze-out (f.0.):

@ mg < m, allowed with
SS — #*, SS — VV BUT for
small y: Botlzmann treatment
breaks down.

@ OoVyg, has to be carrefully
evaluated in the m, # 0
[Colucci, Giacchino, Tytgat, VandeCasteele’17]

contribs. for mg > 5TeV

Laura Lopez Honorez (FNRS@ULB & VUB)

Real scalar dark matter, coupling to tg

my/mg-1
oL JE
107 = -
E Yeoan =™ 3 1
> F ]
102 | -
[ ] 0.1
108 | -
104 | I 0.01
102 10° 10*
mg [GeV]
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From light to heavy quarks

L D ySitg + h.c.

Real scalar dark matter, coupling to tg

Qh? through freeze-out (f.0.): o S Y
@ myg < my allowed with E ]
SS — 1t*,SS — VV BUT for o L 10,
small y: Botlzmann treatment F E
breaks down. v b 1
E 100 = E
@ ovyy, has to be carrefully g E o
evaluated in the m, # 0 ot L N B
[Colucci, Giacchino, Tytgat, VandeCasteele’ 17] ;
contribs. for mg > 5TeV ]
102 0.01
@ Larger r values allowed for
X 102 108 10*
mg ~ m, than for light quarks s [GeV]
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Introduction

Largely unconstrained parameter space

CMS (8 TeV) - ttbar + met (B2G-14-004)

1.0

Coupling to ¢ t gss v 1T
r y . 4 09
800 - 0.8
. 4 0.7
; 600 - “ 0.6

[ b
g b . 4 0.5

5 b
£ 400 _‘ 0.4
. 4 03
200 . ~ 0.2
. 4 01

500 600 700
Minea [GEV. 0.0
med [ ] 400 600 800 1000 1200 1400

m,

mea [GEV]
@ Main probe: production of mediator at colliders
@ Direct Detection: loop suppressed

@ Indirect Detection: av{?él below Fermi reach at mpy, > 150 GeV
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Introduction

Largely unconstrained parameter space

Coupling to ¢

. Coupling to ¢

10 ff

)

Wy e
| CMs+MET

|

my/mg — 1

[N -fioor

100 500 600 700 800 900 1000 m g 10t
Mincd [GEV]

mpyr [GeV]

@ Main probe: production of mediator at colliders
@ Direct Detection: loop suppressed

@ Indirect Detection: avf{g” below Fermi reach at mpy; > 150 GeV
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Conclusion

Real Scalar DM with t-channel fermionic mediator

L Dy S Ufg + h.c. : simple SM extension with very rich phenomenology:
@ Coupling to light fermions:

o d-wave 2-body oy in the chiral limit
~» pheno driven by SS — VV, Vgq

o Coupling to Ig: (oV)yy & (oV)yu
~ significant spectral features relevant gamma ray searches

o Coupling to gg:(0g) & (0454) are (may be) the dominant contribution
today (at f.0) and nice indirect/direct and collider searches
complementarity.

@ Coupling to tz: largely unconstrained by direct searches/ indirect
searches, best probe so far: collider searches

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017 19/20



Conclusion

Thank you for your attention !!! )
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

Conversion-driven freeze-out
[Garny, JH, Liilf, Vogl 2017]

Consider A « A2 Xy €33 X,

ihi Conversion Co-annihilation
X=Xz Xo— SM
— ~ —
X, SM M7 sm) X M

negligable large rate

bottleneck!

v /ﬁ

-> Relic density is set by the size of the conversion rate

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

General back-of-the-envelope estimate:

Conversion rate (just) efficient at freeze-out:

I‘lconv - 1jdecay il Fscatter ~ H($ = 30)

= 1_‘decay < H(l’ = 30) ~ ((1—100) CIH)_1

~Y
\ for masses

X2 decay-length: 100GeV to few TeV
¢t 2 (1-100) cm

= Long-lived particles at LHC!

nc\e
R\l aC
W L\’P

cf. Thomas’ talk
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

LHC constraints ez oo smne

55 sacwion .7 MONO-jEL

3

g

H

= " 13

] -

S 18f ] £

£ 3

S E

& By -
14f E = >
[ATLAS 2016] b
EATLAS E %]
10[-E=13Tev. 320’ 4 P
2

500 150

|IXI)0
Mass (GeV/c?)
L T Reinterpretation of
100 150 200 250 300 350 400
m; (GeV] R-hadron searches

for finite lifetimes

T

i
H ) IS
+ Dedicated search for s
e i
: displaced jets/ ] 1S,
i disapperaing tracks & _ S
' . 3 £ =
: within model | 5 =S
P 2
H . z
' h £
: ! Reimerprtation OMS Fehad S
___________________ 3 oo

E R R T T

mg [GeV]
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

Allowed parameter space

35 T
Qh?% =0.12
30f ]
Displaced jet/
251 . .
disappearing track
2 20Hf .
6] ~
5 2
s 15F50 o
a Al 8
13TeV LHC A=A £
mono-jet T
S5k X
LHC R-hadron L5 py R 5
e e Q
searches — o - L - =
500 1000 1500 2000
my [GeV]
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

Allowed parameter space: top-partner model

[Garny, JH, Hufnagel, Liilf in preparation]
Scatterings dominate o
conversions

lm\:u'm m; = 1.42TeV

1040 %
=
1079 (<}
= 0 =
10714 SN 4
10719 /

110 100 1000/04 105 108
z

Decay efficient much later

=
15I00 2000
BBN bounds

1000
my [GeV]

Dark Portals
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Long lived particles in the Majornana scenario

[stolen from Heisig talk’17]

Allowed parameter space: top-partner model

[Garny, JH, Hufnagel, Liilf in preparation]

»»»»» WIMP freeze-out

Ax

Conversion-driven
freeze-out

Am = 20GeV

5000 110t

Dark Portals December 21, 2017
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Flavour

flavour anomalies: deficit in R(K*
Lo = A
Heg 3 Opppy, = F(SL’YabL)(NL'Y )

Model and low-energy effective theory. We intro-
duce a Dirac fermionic DM particle S, a vectorlike heavy
quark ¥ that carries SM color and hypercharge, and a

SU(3)[SU(2)1 |U(1)y|U(1)em | Z2
v o3 1 2/3 | 2/3 |-1
S| 1 1 0 0 |-1
o 1 2 |[—1/2|(0,-1)|-1

S\iQi,an‘I’ + NiSLLE + A H ||
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Flavour

flavour anomalies: deficit in R(K*) [Cline ‘17

1
Heg 3 Opppy, = F(gL’YabL)(ﬂL'YaML)

; T L L - L
0 S S he
oy ! _ ‘g -
Q L
(a) (b)
Q—=—=——=10 S————L—:——S
Ty :
(M v g¢ Q_,_._>_._>_€\ K4 V Q
© (d

Figure 1. Diagrams leading to (a) b — sup, (b) 7 — 3p,
(¢) Bs-B, mixing and (d) dark matter scattering on quarks.

S\iQi,ad)a\IJ + NiSoLLY + NH|? ¢
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Flavour

5000 1200
- i x 1000
2000{ | 'E i f
= & P 300 Llepton
1000 : 1
— Relic Density d
) 600§
500 1

ATLAS 2¢

400 ¢ 2 leptons

200

ms>my 200 ms > my

A
100 — - - s
50 100 500 0 50 100 150 200 250 300

mg [GeV] ms [GeV]

Figure 3. The blue curves show the values of ms and m, Figure 6. Shaded regions in the ms-my plane are excluded
that give the correct relic density. The red region is excluded at 95% c.l. by ATLAS run 2 searches for one (blue) or two
by searches by the Fermi-LAT for DM annihilation in dwarf leptons (red), jets, and missing energy [30][31]. For each point,
spheroidal galaxies (2] when the local dark matter density is ™s and the couplings are set as described in text to satisfy
rescaled by the calculated relic density, and in the grey region flavor and DM relic density constraints.

S can decay, preventing it from being the DM. The green
region is a rough estimate of the region of parameter space
excluded by an ATLAS slepton search [25]. For all points in
this parameter space, A2 et to the minimum value that
allows for explanation of the flavor anomalies while avoiding
Bs mixing constraints (see text for more details). The dotted
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Direct Detection searches

o effective DM coupling to ¢
(scalar and twist-2 [prees'93] )

and & [Hisano’15] lncluded \ /
\ /
S\ " /8
q. q
~ ~ - s S ~ - 7 > ~ /
S~ ¥ % S~ ¢ -5 S~ g S
/
/
q q ¥ U Y q
/
g
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Direct Detection searches

o effective DM COllpliIlg to ¢ fn/ fp for dark matter coupling to ug
(scalar and twist-2 [prees93] ) i
and g (Hisano'15) included 5L
o effective DM coupling to i
nucleons f,, # f, ~» max. 2r
isospin violation at r =2.6, I I
n 1r
(33) for q= u,(d) ’ L ful I for coupling to ug
|
N Y A
-2 I L 1 | ]
1072 107! 1 10 50
r—1
ooff — o . 2 icisotopes G(Z+(A=D)fa /1)
P p EiEismopes g‘AIZ
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Direct Detection searches

o effective DM coupling to ¢
(scalar and twist-2 [prees'93] )
and g [Hisano’15] lncluded

o effective DM coupling to
nucleons f, # f, ~~ max.
isospin violation at r =2.6,
(3.3) for ¢ = u,(d)

o LUX probes mg < 200 — 300
GeV + an island around
mg ~ 2 TeV

o At all masses, viable
parameter space out of reach
Direct DM searches.

Laura Lopez Honorez (FNR

LB & VUB)

10738
1 0740
1 0742

= 10%

5—1 046
© 1048
100
10752
1054

Dark Portals

Real scalar dark matter, coupling to ug

LUX = =
XenoniT —=—
Vv coherent scat.
10 102 108 10*
mg [GeV]
O.Bff =0, - z:iEismopes Ei(Z—"_(Ai_z)fn/fp)z
P P Z:ieisotopes 'fiAz2
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Projection of direct-detection constraints

Coupling to ug

10

| 1 . e
=S| w Sso B
g ‘ g ]

,%\\ |
0.1 N AN 3
g, e
\‘O/l/‘ ]
\}/\7) v
0.01 DT A
5 10 102 108 104

mgs [GBV]
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Collider constraints

Production of colored mediator at the LHC ~» n-jets+MET (n > 2)
at r small: n > 2 enhance visibility for too soft 1) — uS jets

at r large: n > 2 S/Bgd can be larger forn > 2

Laura Lopez Honorez (FNRS@ULB & VUB)
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Collider constraints

Production of colored mediator at the LHC ~» n-jets+MET (n > 2)
at r small: n > 2 enhance visibility for too soft 1) — uS jets

at r large: n > 2 S/Bgd can be larger forn > 2

Ythermal
0.1 1 2 4 6
T T -
my = 500 GeV

S0 (total)
102; Fthermal £

10 g excluded by

u E

E EATLAS n-jet+Fp
S L 7
101 [T Oouyqop 1 ITTTIT TR
107120*2 107! B 10 102
my/mpy — 1
~~ Enhanced production ¢ including y = yermar J
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Constraints derived from ATLAS multijet analysis

Coupling to ug

@ We use :
ATLAS-CONF-2013-047 for
2-6 jets +MET
at /s =8 TeV L = 20.3/b~!
~~ limits on the number of |
signal events S £lg

—

@ We recompute o (r, mpy)
evaluating efficiencies
€= Nr.'m‘/Nevents using
Madgraph & CheckMATE

ms [GeV]
© We get o (r, mpp, Yinermat) (tree-level) using calchep
and compare to o/ (r, mpy)
~~ Can exclude DM models up to ~ 1 TeV for the large r — ysperma region J
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Indirect detection constraints

@ (O Oog =
< gg> + < gqq> Real scalar dark matter, coupling to ug
95 — 100% vy today ~ 1

& p constraints ° *
@ rough estimation of Fermi % 10% IH o

dSphs bound on (og,) & 2 o .

(0444) using integrated 3 1H

specra for E, = [0.5,500] 5 1% E

GeV 53 o2 ?; 0.1
@ Typically probe the r > 1.2 3

& ms < 150 GeV e e !

~ complement direct ms [GeV]

detection and collider
searches at low DM mass
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Cross-section relevant for gamma-ray line searches

3
OVyyu+20Vyy [cm®/s]

1028

1029

10730

Real scalar dark matter, coupling to ur

i LR LERERRRLY |

Fermi

10! 102 108

N

T T

A
v

/
“

PRI RRRARRARTT R IR RTT BN WRATIT MR

10%

Dark Portals

100

0.1

0.01
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Relic abundance relevant processes

S Is f 9
f
¥ av oyt ¢ I
S S g coupling to ug
I Y TOO ,
s 100
10
—— s
1
S
0.1
v // ov X 1/"u~
0.01

P 10? 10° 10%
"N e o [ e
owxal Yy
N
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Coupling to leptons & gamma ray lines

Sharp gammma ray spectral features &
Focus on Yukawa coupling to leptons

see [ Giacchino, LLH & Tytgat *13 &’14 ]
see also [ Toma’13 & Ibarra’14 |
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Coupling to leptons & gamma ray lines

Looking for smoking gun evidence for DM?

like e.g. sharp spectral features, such as lines, in the gamma ray spectrum:

dQ <0'V>ann de

Particle physics input
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Coupling to leptons & gamma ray li

Looking for smoking gun evidence for DM?

like e.g. sharp spectral features, such as lines, in the gamma ray spectrum:

do, 1 [ dQ (o). Ny
= [ S [ awgmx| Ty s,
dE 8 Jay MY Jios my dE,
f
AE/E=0.15
LS AE/E =002
o Possibly including
;Q pronounced spectral
3 jamzzww features
= 01
More easily
001 discriminated from
/ P backgrounds
0.02 0.05 0.10 0.20 0.50 1.00 .00

x=E/m,

Dark Portals December 21, 2017 32/20
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Looking for smoking gun evidence for DM?

like e.g. sharp spectral features, such as lines, in the gamma ray spectrum:

(E‘)/9 l//)

f dtWw)p 2( ) % {TV)amn B N)j'(
Alﬁ Ve my ; NdE

Bringmann & Weniger (2012)

x*dN/dx

e

0.01

AE/E=0.15
AE/E = 0.02

Generic candidates | /
"2

WW

ULB

0.05 0.10

& VUB)

0.20 050 100 200

x=E/m,

Dark Portals

Careful!!

The importance of the
“line” compared to the
continuum depends on
their relative contribution
to the total annihilation
cross-section

December 21, 2017
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Coupling to leptons & mma ray lines

Sharp gamma ray spectral features

DM /DM : /DM : f
Y |
NLZP ‘ :Z:Z NLZP NLzZP] 7
DM \_,_ /DM ‘ ! Dnim f
final state radiation final state radiation Virtual Internal
Bremsstrahlung
@ From 3bdy process: 4 . .
Virtual Internal Bremsstrahlung a5k
o peaked at £, ~ Mgy forr — 1 of
o Identical for Scalar & Majonana a5k
[Barger’11] §
> 2f
=z
©
15 F
TE
05 F
0 ‘
0 0.1
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Coupling to leptons & gamma ray lines

Sharp gamma ray spectral features

DM /DM f

DM f : :
‘ Z | \
NLZP v NLZP NLzZPY 7
M /' pM ‘ IR R AAAY

D
Virtual Internal
Bremsstrahlung

final state radiation final state radiation

Scalar S and Majorana N DM with r=2.0

@ From 3bdy process:

Virtual Internal Bremsstrahlung 10, ——
F vy o s
o peaked at £, ~ Mgy forr — 1 vz Ni‘hd]
o Identical for Scalar & Majonana L AN ]
[Barger’11] 3 E
: Z
@ From loop process: gamma line x
DM ‘ f 5 0.1 ? |
f I I 1

NLZP oo Al
f . 0.1 05 1
DM \_R/\/\/\, 7 i~

Rudaz ’89, Bergstrom’89+, Bern’97& Bertone’09, Giacchino’ 14& Ibarra’14]

Dark Portals December 21, 2017
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OVyee/<OVee>

Scalar § ——
Majorana x =====---
Majorana N —-—-- A 108
5l
>
B
Y
>
>
8
1074
104 L I L I I
1 1.2 14 16 1.8 2 10

e at f.o. for Real Scalar DM: (ov),; ~ (ov)y

Scalar S —_
Majorana x -- ]
Majorana N —=—=--]

@ in general, higher order effects are more important for scalar DM:

X S X S
(), < (v)5y and {ov)3, < {ov)S,
see [Toma’13,Giacchino’ 13, Giacchino’ 14& Ibarra’ 14]
ULB & VUB) Dark Portals
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Coupling to lepton:

Viable param. space for coupling to eg

DM e DM ~_
NLZPY ovoy’ ,
ov X Y
DM . N
sedl oM - — Majorana DM
T = T — —
— - g
L =15 JH L 1
o =11 =1 1
r=15
i
= — >
101 1E3 %1 10! o1
=
102 by 1 001 102 001
102 5 104 102 4 10% 10*
Ms [GeV] NLZP_ ! My [GeV]
) r—1=Am/m
NLZP~ ovx a® S
NLZP o AN Z0)
NLZPY

NLZP . ANANZ()
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Viable param. space for coupling to eg

Scalar DM

Dark Portals

Majorana DM

0.1

o
Ea. 0.01
MX [GeV]
36/20
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Coupling to leptons mma ray lines

Allowed (ov). for relic abundance

Scalar DM Majorana DM
1025 gy T —— T 1025 gy T T T — T T T T
i N AN i
26 \ ’ 7 1 26 L 1
10 _ ’ 100 g
~ E
. At - o _
) : v o )
o e E\TA LT [ § @ 102
£ E £
2, L, F
S 28 L > 028
>> 1028 E 0.1 >> 10 0.1
o] E &) =
[ Fermi LAT GC ——— L r=2 et
0% F HESS — — 3 102 g HESS — — 3
E CTA ----- £ CTA -----
t GAMMA-400 — - — F GAMMA-400 — - —
10°% 0.01 080 Liviin | P 0.01
102 10° 10 102 108 104
Ms [GeV] My [GeV]

e when ov o y* dominates ~- larger y for S (due to d—wave)
~ larger (ov).; (modulo the r suppression).
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Coupling to leptons & gamix

Allowed (ov). for relic abundance

Scalar DM Majorana DM
1025 & T e T T 102 g
Roliders| p® K
©
5 N /\\}
1026 4 1 1026 & 4
— —
2] ]
S 2,
= =,
= 1028 E 01 10 0.1
°© °© i Y
Fermi LAT GG =——— i Femi LAT GC
102 HESS — — 3 1029 HESS — — 3
GAMMA-400 — - — GAMMA-400 — = =
10730 0.01 1030 - 0.01
102 103 104 102 10° 104
Mg [GeV] M, [GeV]

e when ov o y* dominates ~~ larger y for S (due to d—wave)
~ larger (o), (modulo the r suppression).

® Majorana DM: (ov)7ji* well beyond current and future experimental

limits, need extra boost [ see also Bringmann’12,Bergstrom’ 12]

@ Scalar DM: (av)?f}" can be larger by up to 2 orders of magnitude
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Collider constraints

Production of colored mediator at the LHC ~» MET+jets

Mooy s 'S
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Collider constraints

Production of colored mediator at the LHC ~» MET+jets

Ythermal

011 2 4 6
T T 7

10° g T
E my = 500 GeV

2L (total) A
10° g Tthermal

10 k excluded by
EATLAS n-jet+Er

 ua E

o [pb]

o | w S NS ]
Moy . : E - - E
! :’S ° -t TR IN—
/\ /\1\ 3 Tad ' NG

10 102 107! 1 10 10?

my/mpu — 1

enhanced production o
o for large y = Vinermar With uu — U & uu — Y
o dominating uu — 1 at large r (y) due to large u PDF in the p

e destructive y-g; interference for iu — Y1)
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Coupling to quarks

Constraints derived from ATLAS multijet analysis

Coupling to ug

Why Multijet (>2) analysis (ie consider
extra jets from g or g in the initial state)
e for my, —mg < 50 — 100 GeV, jets
from ¢ — uS too soft, additional i
jet necessary for visibility )
o at large r, S/Bgd can be larger for
n — jets + MET signal withn > 2

mg [GeV]

@ We use :ATLAS—-CONF-2013-047 for 2-6 jets +MET at /s = 8 TeV
L = 20.3fb~!' ~» Comparing to bgd expectation no significant excess
observed ~ limits on the number of signal events S

@ We recompute ag)s‘fylo cu (7, mpy) evaluating S; = o€; L or more precisely
the efficiency ¢; that depends on the DM model generating events in
Madgraph and apply cuts using CheckMATE

l .
e We compare US’S‘f%CM(r, mpp) to o (ry Mpp, Yihermal) USINg calchep
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Coupling to quarks

Worked example: Real Scalar DM and E., ~ 130 GeV signal

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

o Myn ~ 130 GeV ~+y signal
[Weniger’12]

o My, ~ 150 GeV ~ff signal
[Bringmann et al’12]

@ First ’}ff analysis (Bringmann etal'1203]
concluded that thermally produced
DM could not account for a signal
involving ov ~ 6 10~2’cm’/s

Laura Lopez Honorez (FNRS@ULB & VUB) Dark Portals December 21, 2017
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Worked example: Real Scalar DM and E., ~ 130 GeV signal

Scalar DM Ms=150 GeV'
1027 T T T T T T T T

@ Hint for ~-ray signal at £, ~ 130
GeV at the GC could correspond to

1028 |

o Myn ~ 130 GeV ~+y signal
[Weniger’12]

o My, ~ 150 GeV ~ff signal

[Bringmann et al’12] h k|
1031 s L 1 L L | i LN
0 20 40 60 8 100 120 140 160 180

[Giacchino, LLH & Tytgat] Ey [GeV]

109 |

<0v>y dN/JE, [cm®/s/GeV]
%

@ First ’}ff analysis (Bringmann etal'1203]
concluded that thermally produced
DM could not account for a signal
involving ov ~ 6 10~2’cm’/s

Fermi data ———

Background
VIB+FSR+Background
VIB+FSR

This is indeed the case for Majorana
DM, but real scalar DM can do the job

[Toma’13, Giacchino, LLH & Tytgat "13 ]

T 10 102 10*
[Toma’13] E, [GeV]
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Contributions to (ov).,

chi chi — a a

chi hi

d
. SEE 4 . SEE 4
L ~
€ p e >
s a - a
“ SEE “ SEE
chi chi

THP1 NI T1P2N2

o s e

e e -
i stE i spE ot 0
::ﬁSM; ::§5&;

R

T3 P1Ng T3P2N10 TAPINTT T4 P2N12
chi a chi a -
| SEE . SEE T3P1 N9 T3P2N10 T3P3NT1 T3P4N12
SEE4 3 SEEY e
1 |
chi ¢ a chi e a
TaPINI3 TaP2N1a
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Coupling to quarks

VIRTUAL INTERNAL BREMSSTRAHLUNG?
annihilation of DM into charged particles

N X -

<
|
|
|
|

=) Final State Radiation (FSR)

l

do(xx — XXv) _aQ% s(1—=z) .
= ~ — % Fx(z) log -y o(xx — XX)

IR dominated, collinear emission T

. . s . Birkedal, Matchev, Perelstein and
universal feature encoded in splitting function , chev !

Sprey (2005)

[M.|Tytgat - Scalars 13]
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VIRTUAL INTERNAL BREMSSTRAHLUNG

DM ———-

E

DM - ---L—« ¢

Mo ((ppm — pe)® — M)~ ~ (Mpy — Mg — 2Mppy Ee) ™

POTENTIALLY VERY LARGE ENHANCEMENTIF M par ~ Mg

FOR  Eg ~ (0 CORRESPONDING TO  E, ~ Mpy

Bergstrom
Phys.Lett. B 225 (1989), 372

Bergstrom, Bringmann & Edsjo
JHEP 0801 (2008) 049

Tytgat - Scalars 13]
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Coupling to quarks

Any (not very new) idea of how to break the links ... ?

Sure!!

We need to break (ov) o> (0V)today > Odirect,coll J

velocity dependent annihilation
richer DM sector with coannihilations (Griest & seckel *90]
annihilation near thresholds and resonances (Griest & Seckel *90]

annihilation into light mediators
(Sommerfeld enhancement (sisano ‘04, cirenti 051, secluded DM (pospelov *077)

@ Non WIMPS: FIMP, asymmetric dark matter, axions
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This is really the end )
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