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WIMP versus FIMP

DM abundance: Freeze-out
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Introduction

WIMP versus FIMP

DM abundance: Freeze-out

Freeze-in (through de@‘\
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Introduction

H-coupled fermionic Dark Matter

see also [IM2D:Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’ 14, Calibi’ 15; 3M2D: Dedes’ 14, Freitas’15; 3M4D: Tait’ 16, etc]

SM

= Integrating the Higgs portal into fermionic MDM.
@ SM + 3 dark SU(2); n—plet ~ Z, symmetry for DM stability
@ Already well known examples in SUSY:
1)2p = bino-higgsino or 3,2p = wino-higgsino systems
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Introduction

H-coupled fermionic Dark Matter

see also [IM2D:Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’ 14, Calibi’ 15; 3M2D: Dedes’ 14, Freitas’15; 3M4D: Tait’ 16, etc]

= Integrating the Higgs portal into fermionic MDM.
@ SM + 3 dark SU(2); n—plet ~ Z, symmetry for DM stability

@ Already well known examples in SUSY:

1)2p = bino-higgsino or 3,2p = wino-higgsino systems

@ couplingto H ~~ An =1
o EW perturbativity till M;:

Major./Dirac 2 4
1 \ v
3 | v \ v
5 v
7
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Introduction

Generic Mass Patterns

see also e.g. [Freitas’15, Tait’16]

| -
£ C L = mptp = Smyxx — (vioxh™ + y2oxh + he)

x Majorana fermion, 1), 1; are Weyl fermions of representations
(n,0)and (n £ 1,1/2),(n £ 1,—1/2) of (SU(2), U(1)y) with n odd.
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Introduction

Generic Mass Patterns

see also e.g. [Freitas’15, Tait’16] 5 1 B
L£C L —mpyp = smyxx — (xh* + yaxh + he)

x Majorana fermion, 1), 1; are Weyl fermions of representations
(n,0)and (n £ 1,1/2),(n £ 1,—1/2) of (SU(2), U(1)y) with n odd.

For > 1M2D: Custodial sym. enforce
x) degenerate with at least y*

5M4D, my; >m. and y; =1

In the limit my; < mp 1M2D
large mass splittings X?'Xi

/ dji — AT AM
3 < S ~300 MeV
> \/\ X2 3: - \

m 600 GeV u

T Small radiative
Zorh splitting

R

Mass [GeV]

X1

~> interesting FIMP pheno

ms

~ interesting WIMP pheno

Laura Lopez Honorez (FNRS@ULB & VUB)

H-portal: WIMP vs FIMP October 5, 2018 4/17



WIMP

overview of WIMP H-coupled fermionic DM )
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WIMP

What about Gauge Portal only?

[Hisano’04,Hisano’06,Cirelli’07, Arkani-Hamed’08,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++,Asadi’ 16, Mitridate’17]

1
- zmMXX
Dark Sector Portal w

1 Majorana /
fermion \W’Z'y

SM

X(5,0) =

@ SM + 1 single Majorana nplet of SU(2); ~~ 3-plet (Z,) and 5-plet (stable)
“Minimal Dark Matter” (MDM) ~» m3 = 2.4 TeV and ms5 = 4.4 TeV
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What about Gauge Portal only?

[Hisano’04,Hisano’06,Cirelli’07, Arkani-Hamed’08,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++,Asadi’ 16, Mitridate’17]

Fermion quintuplet with ¥ =0
020 - .

1 ~x
o
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S (VWiV}
NN
NV
S nvvww
~ ~
(=]
Ve

0 2 4 6 8 10 12 14
DM mass in TeV [M itridate 17]

@ SM + 1 single Majorana nplet of SU(2), ~+ 3-plet (Z,) and 5-plet (stable)
“Minimal Dark Matter” (MDM) ~» m3 = 2.4 TeV and ms = 4.4 TeV

@ Large non perturbative effects due to multiple exchanges of light mediators:
Sommerfeld and Bound state formation ~ m3 = 3 TeV and ms = 11.5 TeV
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What about Gauge Portal only?

[Hisano’04,Hisano’06.Cirelli’07, Arkani-Hamed’08.Cohen’ 13, Cirelli’15.Garcia-Cely’ 15++,Asadi’ 16, Mitridate’ 171

i indir i w/2=B=10"3 45 | ! Wino |
Lot 'Fcrmlonv5p]ct, indirect signals at v/2 = 8 1.0 . 10 N ngg‘%n’a o
g nimal ——
Excluded by Fermi diffuse b mmaoM e K
o 1072 Buckert profile s 1076 |
3 . -
=0 X, Bugkert profile 1T
§ o ’ Substr. Astro bg WW AN i S
8 : W\ 1 i
st/ UV ]
/ o b ERT]
15 [Mitridate 17] ‘ ‘
0 2 4 6 8 10 12 14 B R [HiSanO 15]_
DMmassinTeV ~ © fF  "TTTee- e Ty
103

DM mass [GeV]

@ SM + 1 single Majorana nplet of SU(2), ~~» 3-plet (Z,) and 5-plet (stable)
“Minimal Dark Matter” (MDM) ~~ m3 = 2.4 TeV and m5 = 4.4 TeV

@ Large non perturbative effects due to multiple exchanges of light mediators:
Sommerfeld and Bound state formation ~» m3 = 3 TeV and ms = 11.5 TeV

@ Gamma-ray/CR searches: MDM at the verge of discovery/exclusion if DM
profile is cuspy, might evade constraints if the profile is cored
see [y rays:Rinchiuso ICRC’17 & *18 ; CR: Cuoco "17]
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WIMP

H & gauge portal: boundaries DM parameter space”

*perturbative level only!!

For one single multiplet: —_Qh? =0.12 no Sommerfeld
y 12}
¢ Cn 11}
OVeffn =~ -5
elr,n n2 m%)M 1ol

pure 4-plet pert.

myy [TeV]
S = 00 ©

= DN WO = Ot

pure 5-plet pert.

123456 78 9101112
mp [TeV]
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WIMP

H & gauge portal: boundaries DM parameter space”
*perturbative level only!!

Qh? = 0.12 no Sommerfeld

For one single multiplet:

20 12}
¢ 9ln 11} .
OVeffn = 5 L’
eff,n 72 m%)M Lol P
. . 9}
expected for mixed Majorana/ < = .
fy [ = ™ 1
Weyl states and small y 3 7l g o ]
S TS
= o5t
over = Sipgovens | i
eff ’ 3L
2' /Il
&eff = Zi:M,D 8i i
U \3/2 _ i ‘ :
gi = ni(1 4+ A;)*/ = exp(—xrA;) 1234567 8 9101112
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H & gauge portal: boundaries DM parameter space”

*perturbative level only!!

__5M4D no Sommerfeld Vit

For one single multiplet:

4

2
¢ a;Cn

avy ~ = 8
eff,n n2 m1ZJM

3

expected for mixed Majorana/
Weyl states and small y

mar [TeV]

~ 1 2 ;
OVeff =~ geTﬁ ZiZM,D gi O-Veff’i J 3

e == 5ydp for SU(2) sym.

8eff = Zi:M,D 8i 4 2 3 1 B 6 7 3 9 10 05
_ 3/2 mp [TeV]
8= nl(l —+ A,) exp(—fo,-)

confirmed at perturbative level using
micrOMEGAs
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WIMP

H & gauge portal: boundaries DM parameter space™

*perturbative level only!!

For one single multiplet:

Qh? = 0.12 no Sommerfeld
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Sommerfeld effect on HMDM Boundaries

[Hisano’04,Hisano’06,Cirelli’07,Arkani-Hamed’08,Cohen’ 13, Cirelli’15,Garcia-Cely’ 15++]
mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit: combination of abelian-like
Sommerfeld corrections, obtained using group theory decompositions (strumia0s].
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Sommerfeld effect on HMDM Boundaries

[Hisano’04,Hisano’06,Cirelli’07,Arkani-Hamed’08,Cohen’ 13, Cirelli’15,Garcia-Cely’ 1 5++]
mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit: combination of abelian-like
Sommerfeld corrections, obtained using group theory decompositions [stumia0s].
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Sommerfeld effect on HMDM Boundaries

[Hisano’04,Hisano’06,Cirelli’07, Arkani-Hamed’08,Cohen’13, Cirelli’ 15,Garcia-Cely’ 15++]
mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit: combination of abelian-like
Sommerfeld corrections, obtained using group theory decompositions [sirumia’08].
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Sommerfeld effect on HMDM Boundaries

[Hisano’04,Hisano’06,Cirelli’07, Arkani-Hamed’08,Cohen’13, Cirelli’ 15,Garcia-Cely’ 15++]
mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit: combination of abelian-like
Sommerfeld corrections, obtained using group theory decompositions [sirumia’08].

A A S, | oo™ [ sy [TeV] | mispy [TeV]
EY) 3ra
200 | §+ifh |15 ] gex 11 11
1 1,2 257a3
1) —p+i | 09 | g
3lo 2 23| gzt 24 3.
25ma3
1 1 16| g
wa3
2 —1 06 | T
B 12 Tona -
a0 Paid |30 o 24 3.9
1, 1.2 1257a3
1| F+5te | 3 Sy,
9| 34l |15 | Smi
1+t T
3 -9+ |03 -
5|0 6 5.9 | Loz 14 9.3
bt
- - 125ma2
1 5 5| T
2 3 3.1 %{TT?
3 0 1 -

Qh? = 0.12 no Sommerfeld

—
DO

mM[TeV]
==
=N W s Ol N1 00O O =
T

—
Do
w
amE----

5 6 7 8 9 101112
mp [TeV]

H-portal: WIMP vs FIMP October 5, 2018

8/17



Sommerfeld effect on HMDM Boundaries

[Hisano’04,Hisano’06,Cirelli’07, Arkani-Hamed’08,Cohen’13, Cirelli’ 15,Garcia-Cely’ 15++]
mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit: combination of abelian-like
Sommerfeld corrections, obtained using group theory decompositions [sirumia’08].
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Pheno Hints - SM4D: perturbative case

. 5M4D no Sommerfeld Vit
@ Enveloppe for y;,y, < 1: X
. " .
mp = M4—plet, My = M5_plet o s 4, 3]
my = mp sl 7 | 3
(> 7
@ Need y1,y, ~ O(1) to cover 7t )
other possibilities >l ?
E
= 5t
g
i
1
sl
ol
g == 5ydp for SU(2) sym.
P A— . " . . " . . 05
1 2 3 4 5 6 7 9 10
mp [TeV]
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Pheno Hints - SM4D: perturbative case

10

5M4D no Sommerfeld sz [em’]

. e X

@ Enveloppe for y;,y, < 1:
Mp = M4—plet, My = M5—plet,
my; — mp sl

1012

104

-

@ Need y1,y, ~ O(1) to cover

other possibilities "

@ Majorana nature of DM 1075
suppresses direct detection
except for substantial y;, y;.

mys [TeV]

10-16

@ oy is maximal for my; ~ mp :
where the coupling to H is T b
maximal, see also [Freitas'15] | : : . : /\q _ 107
and og; is supressed for mp [TeV]
Yr— -

10747

(o "' = 2.4107* cm?, & Xenon 1T reach o5 > 10~* cm?)
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WIMP

Prospects for DM detection O 7o fom]
@ Direct detection & S K y

1072

e Majorana nature of DM
suppresses direct detection
except for substantial yy, y;.

o Increased sensitivity to HMDM
than in MDM due to tree level
H exchange

o Sommerfeld corrections shift to )
higher masses the allowed nL
(tree-level) models. e

10-48

1074

107

myy [TeV]

1074

1017

10-4%

a 10
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Prospects for DM detection

@ Direct detection

10-1

5M4D no Sommerfeld g1 + 3]
N 6

& o

=
|8

a
's
-y
1o

10-42

@

e Majorana nature of DM
suppresses direct detection
except for substantial y;, y;. =

e Increased sensitivity to HMDM 5 e
than in MDM due to tree level &
H exchange

o Sommerfeld corrections shift to
higher masses the allowed
(tree-level) models.

0

Xenon 1T (2018)

1T (2tY)
Xenon ] 05

0.1

6 8
mp [TeV]
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Prospects for DM detection

5M4D no Sommerfeld y1 + 9o
@ Direct detection ' :

“ishison
5-plet pert
—

1072

)

5-plet Som. & BS

e Majorana nature of DM
suppresses direct detection
except for substantial y;, y;. =

e Increased sensitivity to HMDM 5 e
than in MDM due to tree level &

H exchange

o Sommerfeld corrections shift to
higher masses the allowed
(tree-level) models.

10-43

|
Xenon 1T (2018)

1T @21Y)
¥enon 1T@1Y) | 05

107+

10-19

0.1

1 10 12

':,nl);\l [TgV]
@ Indirect detection: larger (tree-level) Am, +,0 ~» change the Sommerfeld effect

and move the position of resonant peaks, see €.g. (siatyer'09, Jin Chun’12]
~ help to evade gamma-ray constraints (?)

@ Colliders: disapearing tracks (up to multi TeV for 100 TeV collider);
mono-X (up to multi TeV for 100 TeV collider);
EWPT measurements and H-V modified couplings (up to ~ TeV)

see [Ostdiek’15,Cirelli’ 14,Fedderke’ 15,Ismail’ 16,Cai’ 16, Voigt’ 17,Wang’ 17, Xiang’ 17]
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FIMP

FIMP H-coupled fermionic DM: The singlet doublet case )
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FIMP: displaced vertices and cosmology interplay

see also e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Buchmueller’ 17, Heeck’ 17, Boulebnane’ 17, Brooijmans’18, Garny’ 18]

2
Qh2 ~ 0.12 (5 cm) (600 GeV) ( My )
CcTA ma 10 keV
Mediator mass range
reachable at colliders

-ma = 600 GeV
1000,

ct [meter]

T0001 001 o
m,|GeV]

1074
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FIMP

FIMP: displaced vertices and cosmology interplay

see also e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Buchmueller’ 17, Heeck’ 17, Boulebnane’ 17, Brooijmans’18, Garny’ 18]

2
Qh2 ~ 0.12 (5 cm> <600 GeV> ( My )
CTA ma 10 keV
Mediator mass range
reachable at colliders

B t =
= 4 0 1000| ma = 600 GeV
DM ;
100+
A . ;
72 2 10
Long-lived DM E H
5 - 1

Detector size
displacement

10°° 107 10-4 0001 00100 T
m,[GeV]
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FIMP

FIMP: displaced vertices and cosmology interplay

see also e.g. [Hall’09, Co’15, Hessler’ 16, d’Eramo’ 17, Buchmueller’ 17, Heeck’ 17, Boulebnane’ 17, Brooijmans’18, Garny’ 18]

2
Qh2 ~ 0.12 (5 cm> <600 GeV> ( My )
cTA ma 10 keV
Mediator mass range
reachable at colliders

B “ma =600 GeV
i A @ 1000,
DM I
100
A s
r @ '3
Long-lived £ i
5

100 10- “odor oo o
? 5 H—/ m,[GeV]
(I \ //varm DM like signatures
\= Suppressing small scale structures
A — BDM with different A = 1 — m%/m%
Laura Lopez H-portal: WIMP vs FIMP October 5, 2018
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FIMP

Freeze-in from doublet decay in 1IM2D

Freeze-in in the limit of y; » < 1 & my = p < mp = my:

270M, Ilxs — B Tlxs — B Lyt — W+
Vo= o | 2 Py 52 T n Bl g T
(1.66)8m3 g, B=Zh s B=Z,h e My
Charged fermion wi " uw+AM
. ~300 MeV
Two degenerate K
neutral states X2’3: — U
(mainly doublets) ' ' Small radiat
WE 17 or j splitting
Light DM Y ¥

(mainly singlet) X 1 mg
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Freeze-in from doublet decay in 1IM2D

Freeze-in in the limit of y; » < 1 & my = p < mp = my:

270Mpy (Z Txs — Byi] Tlx> — Bxi] FWHWWJ)
= + 9 ,

(1.66)873g2/ m2, m3,

X1

2
B=Z,h B=Z,h X2

Contours of y giving Q4 = 0.12

-l 3x107"" i
Charged fermion wi _— 4+ AM 10

’ ~300 MeV

' N 9

Two degenerate K = 1073k i

neutral states X2’3:_- H é’ E
(mainly doublets) ' H Small radiat = [

:Wi V7 or b Splitting Ei 10 ?/’
Light DM L i

(mainly singlet) X mg 10-5 :,,

i

106 i

500 1000 1500 2000
Myrs [GCV]
~~ relevant H-coupling for freeze-in in 1IM2D: y < O(10~%) for mpy > few keV

Results confirmed using micrOMEGAsS. 0 [Belanger’18]
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FIMP

Disapearing track or displaced h/Z+ MET

Copious production of x> 3, % at colliders through EW processes

o ¢i — 7T:|:X2,3

® 2X3 — ZZ/hh/Zh+ MET

T —— u+AM

\wE  Disappearing

v Charged track
X2,3 =y
EZ or h
; Displaced Z/h+MET
X1 mg
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FIMP

Disapearing track or displaced h/Z+ MET

Copious production of x> 3, % at colliders through EW processes

o ¢i — 7T:|:X2,3
~~ charged track with ¢ ~ O( cm)
~» mp > 150 GeV from [aTLAS DT'17]

0.1

1072
® \2X3 — ZZ/hh/Zh+ MET
> 1073
%}
<)
"/}i — pn+AM £10
\wE  Disappearing
X2,3 v . ﬁharged track 10_5
EZ .or h 10-6
v Displaced Z/h+MET
X1 me

Laura Lopez Honorez (FNRS@ULB & VUB)

H-portal: WIMP vs FIMP

BR[y* — y23 7] and cry for O, h*=0.12

11.2cm

1000 1500
my [GeV]
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Disapearing track or displaced h/Z+ MET

Copious production of x» 3, * at colliders through EW processes

° 1/Ji N WiX2,3 o Contours of c7y,,, for 0,4=0.12
1 ‘ ‘

~ charged track with ¢ ~ O( cm)
~> mp > 150 GeV from [aTLAS DT'17]

® xaox3 — ZZ/hh/Zh+ MET
~ displaced vertex with jet and
MET with possibly ¢ > O( cm)
~» probe mp < 1.2 TeV (arLaspvi7)

Ftanf=10

my, [GeV]

5001000 1500 200(
my., [GeV]
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LHC & Cosmology complementarity

At each pointy
is fixed to get the
DM abundance

1072

Displaced Charged
Track constraints
from ATLAS

cr=i00m] (D =012

7
v
Py

tant=10

Displaced vertex
recasting
Future LHC
sensitivi

[ Warm DM like

constraints from Cosmology

500 1000 1500

mp [GeV]
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onclusion

Conclusion

Qh? = 0.12 with Sommerfeld (& bound states)

mar [TeV]
o pUre ZBRT

123 15678010112 0010001300 3000
mp [TeV]

mp [GeV]
@ H-coupled WIMP fermionic DM

o Sommerfeld effect for H-coupled EW DM (computed in the SU(2)
symmetric lim) ~» boundaries of H-coupled EW WIMP parameter space.
e constraints from direct searches and potentially evade indirect searches

@ H-coupled FIMP fermionic DM: freeze-in through decays

o small couplings y ~ 1078 — 10~ ~ long lived mediator at colliders
tested with displaced vertices and dispearing charged track
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Conclusion

Conclusion

e — [Garny et al'18]
2000 ' s

7 anr=oa2 1010

1

conversion-driven freeze-oul region
ariv:1802.00814

100 150 200 300 500
my [GeV]

@ H-coupled WIMP fermionic DM

13TeV LHC

10-5 001 10

my [GeV]

o Sommerfeld effect for H-coupled EW DM (computed in the SU(2)
symmetric lim) ~» boundaries of H-coupled EW WIMP parameter space.
e constraints from direct searches and potentially evade indirect searches

@ H-coupled FIMP fermionic DM: freeze-in through decays

o small couplings y ~ 1078 — 10~ ~ long lived mediator at colliders
tested with displaced vertices and dispearing charged track

e complementary constraints from cosmology with WDM-like behaviour of
light FIMP.

Laura Lopez Honorez (FNRS@ULB & VUB)
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Thank you for your attention! )
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Backup )
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Recasting a DV+MET search by ATLAS

oublet mass excluded
1000 up to 1.2 TeV!

100% x>3->h x1

50% x23 - b/Z
100L Xz {,n

Prompt ==-=-=-

Doublet life-time

CTXM [m]
(=]
—

1072 3
107°g .
8 TeV searches = -
Liu Tweedie, ‘15 10 H E Our recasting
5 : Madgraph/Pythia/Delphes
1072097400 600 800 1000 1200 1400
my,, [GeV]
Prompt searches Doublet mass

CMS, 1801.03957

Rather general result: it also applies e.g. to Higgsino decaying to gravitino
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Backup

|Combined Lyman-alpha and relic density bound (assuming standard cosmology)

h # Prompt excl.

tanf=,

Bound from small structure formation

(based on Lyman-alpha data):
12

10765 /

200 400 600 800 1000
# [GeV] Heeck Teresi ‘17
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Generic Mass Patterns

see also e.g. [Freitas’15, Tait’16]

o 4 free parameters: mys, mp, 1,2

| -
L C Ly = mpip = Smyxx — (1xh* + y2v0xh + he)

x Majorana fermion, 1, 1/; are Weyl fermions of representations

(n,0) and (n+1,1/2), (n £ 1,—1/2) of (SU(2), U(1)y) with n odd.
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Generic Mass Patterns

see also e.g. [Freitas’15, Tait’16]

o 4 free parameters: mys, mp, 1,2
| . -
L C Lx —mpyp — Smyxx — (yxh” + yaxh + he)

x Majorana fermion, 1, 1/; are Weyl fermions of representations
(n,0)and (n+1,1/2), (n £ 1,—1/2) of (SU(2), U(1)y) with n odd.

@ Two Generic Mass Patterns after EWSR at traa_laval-
5M4D, my;>m. and y; =1

1000
@ Custodial sym. limit (y; = %y2): X; P
. + 0N R
degenerate with at least y ™ i 5
S X A
(except for 1,,2p) 8 5 S e
@ Beyond custodial sym. \? is the R e
. . s AL a00f -
lightest with compressed spectra 2,
Amyo, o< y*v: [my or oc yv* /m3, 200 T
Loop corrections might give m,+ < m o [Tait’16] “os 2
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Generic Mass Patterns

For y; = £y, , the Majorana and two Weyl states mix and neutral and charged

particles combine to form Majorana SU(2) multiplets:

Mass [GeV]

M-D system mar < My ~ mp MAL > My ~ Mp
3u at y1 = —yo

1a2p ~ 1pln3 0~ ? e ’

M2p mIn3m Xi M Xi © 1ar at y1 = y2
Iy yi=—u

32D ~ Lar3ar3) 9 C 3 o ’

MZ2D MOM M Xi M 3y Y1 =12

. 2.8, F p SM Y11= Y2

3ardp ~ 33015, 3)

mdp M3MOM M 300 11 = v

oo S =

Sardp ~ 3O Sn 5“ fyl _, b2

SM Y1 =Y

5M4D, my >m, and y; =1

1000

5M4D, my <m, and y; =1

L 4 1000 .
z g 35 e
e o
e e
Py N N
(1
my =600 GeV S o e
Mo Mo 0 mp =600 GeV M0 T
- 4 AT
mp =500 GeV = [o-m=20 mar =500 GeV
400 .
.,
sm,
\ m
R
L 200
-3 -2 -1 o 2 I; -4 -3 -2 -1 o 1 3
Y2 Y2
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Fermionic Dark Matter: Gauge Portal

see e.g. [Cirelli et al’05-15, Hisano et al *04-15, Cohen’13, Garcia-Cely et al *15, Lefranc’15,...]

Pure gauge portal: Minimal DM (MDM) scenarios (cirelii et ar'os]

£ C X(¢ - mM)X X(370) =
+
@ SM + 1 single Majorana nplet of SU(2), X 0
~ 3-plet (Z») and 5-plet (stable) X

minimal fermionic WIMP DM X

@ loop corrections ~~ Mff - Mg)< ~ 100’s MeV X(Sﬁz -
~ the neutral x* is the lightest X N
e Gauge interactions only ov o< a3, /M?, Qh? = 0.12 >§<0
>

~ Moz =2.4TeV and Mys = 4.4 TeV (at first sight!!) J -
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Sommerfeld effect in SU(2) symmetric limit

o mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit

@ In this limit, non-abelian Sommerfeld effect can be reduced to a
combination of abelian-like Sommerfeld corrections, using group theory
decompositions [suumia'os].
Potential between particles of repres. R; and R; = V;, = V}zU(z) + yu),

a1 —nt2Y?
Vi@ (r) = 725 (Ca—Ci=Cyp); VU0 = %

and R; ® R; = Zfil Ry with C; the quadratic Casimir of R;
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Sommerfeld effect in SU(2) symmetric limit

o mpy ~ MultiTeV ~ f.0. SU(2) symmetric limit

@ In this limit, non-abelian Sommerfeld effect can be reduced to a
combination of abelian-like Sommerfeld corrections, using group theory
decompositions [suumia'os].

Potential between particles of repres. R; and R; = V;, = V}zU(z) + yu),

ar 1 —Ozztz Y2
5 (Ca=G=G); vl = —
and R; ® R; = Zfil Ry with C; the quadratic Casimir of R;

vV () =

e For Qpmh? 1/0Vefy, OVep = Zl] 8i8j/ 8efrovij becomes

OVeff = (2Iy +1)2 (Zl(2l+ )S[O'VI + S/— lo'v +S,7 UVgert) : J

ovy: pure SU(2), Clebsh-Gordan relate |ij) to |I),
0vgee and ovg: involves U(1) gauge boson
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Sommerfeld effect in SU(2) symmetric limit

@ Multi-TeV DM ~- compute annihilations in SU(2) symmetric limit
~ Isospin is conserved in annihilations

@ Decompose the product of initial states as a sum of 2-particle states of
definite isospin I: R; @ Rj = Y, R iswumiaos]
Associated an abelian-like Sommerfeld correction with a; = v/(2«)

7'('/(11
Sj= ————
1 — exp(ar)
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Sommerfeld effect in SU(2) symmetric limit

@ Multi-TeV DM ~- compute annihilations in SU(2) symmetric limit
~ Isospin is conserved in annihilations

@ Decompose the product of initial states as a sum of 2-particle states of
definite isospin I: R; @ Rj = Y, R iswumiaos]
Associated an abelian-like Sommerfeld correction with a; = v/(2«)

7'('/(11

[y -
"1 —explay)

e For Qpyh? o< 1/ OVeffs OVeff = Zu 8i8j/8efrovij becomes

v = et (S + DS + S+ S0 ) |

ovy: pure SU(2), Clebsh-Gordan relate |ij) to |I),
0vgee and ovg : involves U(1) gauge boson

see also [Garcia-Cely’15] and [Mitridate’ 17]
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Sommerfeld effect and bound state formation

[Hisano’04,Hisano’06,Cirelli’07,Arkani-Hamed’08,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++]

@ The Sommerfeld effect is caused by
distortion of the 2bdy wave function
due to long range potential.

~0

I

12 3 4 n-1n

@ For EWDM x¢, M. < oM, and
low v : smoking gun signatures and
enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]

@ Formation of bound states from 2
DM particle can provide an extra
enhancement [Asadi’ 16, Mitridate’17]
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Sommerfeld effect and bound state formation

[Hisano’04,Hisano’06,Cirelli’07,Arkani-Hamed’08,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++]

@ The Sommerfeld effect is caused by
distortion of the 2bdy wave function
due to long range potential.

~0

7234 nin V7

Fermion quintuplet with ¥ =0
N !

0.20

Qomh?

@ For EWDM x¢, M. < oM, and
low v : smoking gun signatures and
enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]

@ Formation of bound states from 2 DM mass in TeV
DM particle can provide an extra (Mitridae”17)
enhancement [Asadi’16, Mitridate’17]
~ M073 =3TeV &M()’S =11.5TeV J
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Minimal Dark matter: at the verge of discovery/exclusion

Direct Detection

Indirect Detection

~0

Fermion Splet, indirect signals at v1/2 = 8 = 1073

Excluded by Fermi diffuse
Buckert profile

. . Bugkert profile
“subistr. Astrobg. W/~ -

o in cm®/sec

| Y T WY

l 1/e 1’7‘1""/'

4 6 8 10 14
DM mass in TeV
254h, DM DM — vy
Einasto profile
[Rinchiuso 17] _
r N
£
~ KN
5 _
= 7]
H o}
E — Expected, this work
E [ 68% Containment
F [195% Containment
< FermiLAT 5.8y (2015)
LU I BTN R
0.05 0.1 0. 1 2345 10 20
My, (TeV)
H-portal: WIMP vs FIMP

1045

10746

10747

10-48

10749

Wino
Higgsino - - - -
Minimal DM .

[Hisano 15]

Neutrino BG

DM mass [GeV1
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H-coupled Minimal Dark Matter

see also [IM2D:Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’ 14, Calibi’ 15; 3M2D: Dedes’ 14, Freitas’15; 3M4D: Tait’ 16, etc]

= Integrating the Higgs portal into fermionic MDM.
@ SM + 3 dark SU(2); n—plet ~ Z, symmetry for DM stability

o Already well known examples in SUSY:
112p = bino-higgsino or 3;,2p = wino-higgsino systems
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H-coupled Minimal Dark Matter

see also [IM2D:Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’ 14, Calibi’ 15; 3M2D: Dedes’ 14, Freitas’15; 3M4D: Tait’ 16, etc]

= Integrating the Higgs portal into fermionic MDM.
@ SM + 3 dark SU(2); n—plet ~ Z, symmetry for DM stability

o Already well known examples in SUSY:
112p = bino-higgsino or 3;,2p = wino-higgsino systems

Are the possibilities infinite?
@ couplingto H ~~ An=1
e EW perturbativity till M,

Major./Dirac 2 4 6
1 v

3 \ v \ v
5 v
7

What are the generic features?
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(Minimal Dark Matter)?: the general setup

o 4 free parameters: my = m,,mp = My, y1,y2

-1 . N
Lpark = Lk — mytp — 21X~ (yioxh™ + y20xh + he)

x and v, Y are Weyl fermions of representations

(n,0) and (n+1,1/2), (n £ 1,—1/2) of (SU(2), U(1)y) with n odd.
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(Minimal Dark Matter)?: the general setup

o 4 free parameters: my = m,,mp = My, y1,y2

-1 . N
Lpark = Lk — mytp — 21X~ (yioxh™ + y20xh + he)

x and v, Y are Weyl fermions of representations

(n,0) and (n+1,1/2), (n £ 1,—1/2) of (SU(2), U(1)y) with n odd.

o After EWSB, the fermions of charge Q = T3 + Y in the bases
{x2, 92,42} have mass matrices of the form:

my,  agy\v dgyzv
M%X3:(—1)Q apyiv 0 my |,
agyv  my 0

M2 () =1,

Laura Lopez Honorez (FNRS@ULB & VUB) H-portal: WIMP vs FIMP October 5, 2018
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Custodial symmetry yl = £y2

1
my = 5(m1\1 +mp + Amy)

me = mp Amy, = \/(mD —mar)? + 8(nyv/V/2)2

1
msg = §(mM +mp — Amy)

X(l) cy sy,/\/§ sn/\/ﬁ X0
XS = 0 Z/\/§ *Z/\/i 1{)0 511120,,:§(1+m,£:77:w)
Xg —sy cn/\/§ C,,/\/§ o !
g - .y ~
ﬁ = _i(wg(j/’l‘wo — 'lpg)o'uw(])Zp, - yn(wo - T/JO)XO h

9 0%~
L= 5;(3 (XY + enXD Z, + hec.

yn 0,0 0,0 0,0
21 (g — + 2¢ h+ h.c.
2\/5( 2n(X1X1 — X3X3) 2 X1X3)
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Generic Mass Patterns

M-D system mys < ms ~mp | Mmag > M ~ D
1v2p ~ 1p 13 X; ~ 1m X0 C {:1))5 ZE zi z?;QyQ
B2 ~ LuBud | A0 C By S
3m4p ~ 3m3MOMm 3m g% Zi z y_2y2
Smdp ~ 3MOMOM Sm gj\; zi z y_2y2

Laura Lopez Honorez (FNRS@ULB & VUB)
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Generic Mass Patterns

S@ULB & VUB)

y1v y1v Yav Y2v
% X X X
RV AR
X————— L —"—<—"——X

H-portal: WIMP vs FIMP
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Generic Mass Patterns

1M2D, my >m, and y; =1 1M2D, my <m, and y; =1

900 900
800
700 5,
< 600
v
‘L—IJ‘ 500
" my = 500 GeV
@ 2
o ==== 400
= mp =400 GeV = et oy = 400 GV
300
200 200
100, 100,
=2.0 -15 -10 -0.5 0.0 0.5 1.0 15 2.0 -2.0 -15 -1.0 =05 0.0 05 1.0 15 2.0
Y2 Y2
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Generic Mass Patterns

3M4D, my; >m, and y; =1

3M4D, my <m. and y; =1

©
8
8

v
3 8
g 8

EY
2
8

2
8
8

Mass [GeV]
g
Mass [GeV]

mp— 400 GeV

g
g

my; =200 GeV

S
g

mp— 200 GeV

3
8
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Generic Mass Patterns

1000 3M2D, my >m, and y =1

1000 3M2D, my <m, and y =1
800
2
TS
3 S
> 60 ; >
S my = 500 GeV &
2 my;, @ [mp =300 GeV e
@ 3 “ r ‘
s ] © 400
L T — 400 GeV S o - = 400 GeV
200 o 200 s, i
o - N ! ? 3 ) T 2 3

S e
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Generic Mass Patterns

For y; = £y, , the Majorana and two Weyl states mix and neutral and charged

particles combine to form Majorana SU(2) multiplets:

Mass [GeV]

M-D system mar < My ~ mp MAL > My ~ Mp
3u at y1 = —yo

1a2p ~ 1pln3 0~ ? e ’

M2p mIn3m Xi M Xi © 1ar at y1 = y2
Iy yi=—u

32D ~ Lar3ar3) 9 C 3 o ’

MZ2D MOM M Xi M 3y Y1 =12

. 2.8, F p SM Y11= Y2

3ardp ~ 33015, 3)

mdp M3MOM M 300 11 = v

oo S =

Sardp ~ 3O Sn 5“ fyl _, b2

SM Y1 =Y

5M4D, my >m, and y; =1

1000

5M4D, my <m, and y; =1

L 4 1000 .
z g 35 e
e o
e e
Py N N
(1
my =600 GeV S o e
Mo Mo 0 mp =600 GeV M0 T
- 4 AT
mp =500 GeV = [o-m=20 mar =500 GeV
400 .
.,
sm,
\ m
R
L 200
-3 -2 -1 o 2 I; -4 -3 -2 -1 o 1 3
Y2 Y2
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Generic Mass Patterns

5M4D, my >m, and y; =1

5M4D, my<m, and y; =1
1000 3 1000 g
s o
s RS > :
o v
O myy =600 GeV S ]
a s M, @ mp = 600 GeV T Ty
@ T — i " P ey
= mp =500 GeV = 00 GeV
Wom
8 o
%
200 200
-4 -3 -2 -1 0 1 2 3 -4 -3 -2 -1 o 1 3
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SU(2) unbroken Sommerfeld on pure 4-plet

Yt Jig
e ] | @
¢ - d}O 9 Q;Z) - EZ)_ )
(Ch (L

d24=1036567=Y" R,
with I, = {0, 1,2,3} and
Ya=-Y;=1)2

~ 8 ={3.9,3.0,1.5,0.3}
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SU(2) unbroken Sommerfeld on pure 4-plet

Yt Jig
e ] | @
¢ - d}O 9 Q;Z) - EZ)_ )
(Ch (L

40d=1030507=Y" R,
with I, = {0, 1,2,3} and
Yo=-Y;=1/2
~ 8y ={3.9,3.0,1.5,0.3}
e From charge to Isospine.g. ovj—/2 = OVt ww
OVeff = % (S[Z()O'VIZ() + Si=130vi=1 + Si=250vi—> + S[Z()O'vg/ + Slzlavg/g)
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SU(2) unbroken Sommerfeld on pure 4-plet

w-‘r—:- Q[Eg 0.20 Pure 4ple&
(0 7 (U
¢ = d}O ’ Q;Z) = T ;
Q]Z) 0.15

C e

E I _. _ / """"

40d=1030507=Y" R,

with I, = {O, 1,2, 3} and 0.05
S e SU(2) broken
Y4 = —YZ‘_ = 1/2 / «i+ SU(2) sym.
“‘J.:"‘ = SU(2) sym. & Somm.
~ 8y ={3.9,3.0,1.5,0.3} 0.005 1000 2000 3000 4000 5000

mpm [GeV]
° From Char e to ISOSpin c.g. OVi— 2 =0V_+. +
g g 1—2/ Xl XZ —WW

OVeff = % (S1:00'V1:0 + S1=130vi=1 + Si=250vi=2 + S[Z()O'vg/ + Slzlavg/g)

Perturb: Mpy = 2.4 TeV while w/ Sommerfeld Mpy = 3.9 TeV )
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Quadruplet ov,y contribs

75 ogm
=g, M
oo 15 , a3w

), = —

9= 5 ez
43 , aim
TR ez,
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Quadruplet ov;; total contribs

Qtot =0
a3m 2 4
UUO’() W(223 — 442‘910 + 2628w) = 0V1,—1
32cy, Mpy,
2
Q5T
oV, s —2 (423 — 810sw” + 430sw") = ov_1 4
32¢8 M2,
Qtot =1
3aim
2 2
OV2,-1 = W(41 — 37sw ) = 09,1
Cw Mpum
2
Q5T
O"UL() = %(25 — 218w2)
det M7y,
Qtot =2
3aam
UUZ() —M2 = O”U171
DM
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Quadruplet ov; contribs (SU(2) only)

Qtot =0
OUO,(_J = O'U]:0/4+O"U[:2/4+0'U]:1/20=0"Ul7,1
OUg 2 = O'U]:()/4+O"U[:2/4+90"U[:1/20:(TU,Ll
Qtot =1
OUy 1 = 0?]122/2-‘-30'1)[:1/10:0"0071
ov1pg = 2/50vi—y
Qtot =2
OUap = 00112/220'111’1

Laura Lopez Honorez (FNRS@ULB & VUB) H-portal: WIMP vs FIMP October 5, 2018

41717



Sommerfeld effect and bound state formation

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the

wave function describing the relative motion of annihilating particles through
the exchange of light mediators

~+ significant enhancement or suppresion of DM scattering by Coulomb like
forces when M,,,.q < aMpy

Laura Lopez Honorez (FNRS@ULB & VUB)
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Sommerfeld effect and bound state formation

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the
wave function describing the relative motion of annihilating particles through

the exchange of light mediators

~+ significant enhancement or suppresion of DM scattering by Coulomb like

forces when M,,,.q < aMpy

For EWDM Yy, at low v and M, large:

@ smoking gun signatures like
X0X0 — Y7 [Hisano'04]
Pz

T 234 nin r

@ enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]
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Sommerfeld effect and bound state formation

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the

wave function describing the relative motion of annihilating particles through
the exchange of light mediators

~+ significant enhancement or suppresion of DM scattering by Coulomb like
forces when M,,,.q < aMpy

Example: DM= x & mediator= ¢

10'

For EWDM Yy, at low v and M, large:

@ smoking gun signatures like ——
XOXO — P)/f}/ [Hisano’04]
~0

X w r _ me
» ;0 oo €p = m
5% ;

T 234 nin r

@ enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]
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Fermionic Minimal Dark Matter: multi-TeV EWDM
[Cirelli et al’05]
@ SM +1 single nplet of SU(2),

@ nplet D a neutral component = DM
~ Y is fixed for given n,e.g. n =3,Y = 0,1/2

@ EW perturbativity till M,; ~ n < 5 for fermion DM
@ forn < 5, need Z, symmetry for stability
@ Y £ 0 ~~ og > above direct DM searches
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Fermionic Minimal Dark Matter: multi-TeV EWDM

[Cirelli et al’05]

@ SM +1 single nplet of SU(2),

@ nplet D a neutral component = DM

~ Y is fixed for given n,e.g. n =3,Y = 0,1/2 X@3,0) =
+
@ EW perturbativity till M,; ~ n < 5 for fermion DM X 0
X
@ forn < 5, need Z, symmetry for stability X~
@ Y £ 0 ~~ og > above direct DM searches X(5,0) =
++
~> you are left with the 3-plet and the 5-plet J )§<+
0
-
=
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Fermionic Minimal Dark Matter: multi-TeV EWDM

[Cirelli et al’05]

@ SM +1 single nplet of SU(2),

@ nplet D a neutral component = DM

~ Y is fixed for given n,e.g. n =3,Y = 0,1/2 X@3,0) =
+
@ EW perturbativity till M,; ~ n < 5 for fermion DM X 0
X
@ forn < 5, need Z, symmetry for stability X~
@ Y £ 0 ~~ og > above direct DM searches X(5,0) =
++
~> you are left with the 3-plet and the 5-plet J )§<+
0
@ loop corrections ~~ M% — Mg ~ 100’s MeV ;;—
~ the neutral \* is the lightest X

@ Gauge interactions only ov o< o3, /M?, Qh* = 0.12

~Mpyz =2.4TeV and My s = 4.3 TeV (at first sight) J
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Sommerfeld effect

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the

wave function describing the relative motion of annihilating particles through
the exchange of light mediators.
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Sommerfeld effect

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the

wave function describing the relative motion of annihilating particles through
the exchange of light mediators.

For EWDM Y, at low v and M, large:

@ smoking gun signatures like
X0X0 — 7Y7Y [Hisano’04]

~0
X

I

1234 n1 r

@ enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]
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Sommerfeld effect

The Sommerfeld effect = NR QM effect. It is caused by the distortion of the

wave function describing the relative motion of annihilating particles through
the exchange of light mediators.

Example: DM= x & mediator= ¢

10'

For EWDM Y, at low v and M, large:

@ smoking gun signatures like
X0X0 — 7Y7Y [Hisano’04]

~0
X

T 234 ni r

@ enhance ov at freeze-out and today
[Hisano’04°06, Cirelli’07]

Laura Lopez Honorez (FNRS@ULB & VUB)
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Sommerfeld effect: Evaluation for EWDM freeze-out

e Very degenerate mass spectra ~~ all n-plets components play into the game!

@ Need the NR EW potentials associated to

V = W, Z,~ exchange o—Myr

Vap = Cap—

@ Need the the absorptive parts I',, 3 associated
to scattering amplitudes: M, xx/ ME XX’
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Sommerfeld effect: Evaluation for EWDM freeze-out
e Very degenerate mass spectra ~~ all n-plets components play into the game!

@ Need the NR EW potentials associated to
V = W, Z,~ exchange o—Myr
Va,p = Cap

,
@ Need the the absorptive parts I',, 3 associated
to scattering amplitudes: M, xx/ ME XX’

e Evolve N initial pairs ~» N coupled diff. eqs.:

OVq :ZS*agFﬁﬂ/Sﬂ/a, J
BB’

S5 depends on Vg and Mpyv?;
[Hisano’04,Hisano’06,Cirelli’07,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++]
If S = 1, you recover the perturbative result ov, = ['4.
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Sommerfeld effect: Evaluation for EWDM freeze-out

e Very degenerate mass spectra ~~ all n-plets components play into the game!
R M073 =2.7TeV & J

@ Need the NR EW potentials associated to
V = W, Z,~ exchange o—Myr
Vap = Cap—

@ Need the the absorptive parts I',, 3 associated
to scattering amplitudes: M, xx/ ME XX’

e Evolve N initial pairs ~» N coupled diff. eqs.:

OVq :ZS*agFﬁﬂ/Sﬂ/a, J

BB’

S5 depends on Vg and Mpyv?;

[Hisano’04,Hisano’06,Cirelli’07,Cohen’ 13, Cirelli’ 15,Garcia-Cely’ 15++]

M()75 =9.4TeV
0.20 T
.DI
o/ 1)
I $
0.15] & S
: (21} ‘&%
Qo
Sl
!
o 0.1188 + 20/
= o0t /
[=} 1
=} K
/
1
1
/ |
005} J 2
J &
2
i =
0.00 LeZe— . . L .
2 6 8 10 12

If S = 1, you recover the perturbative result ov, = [
H-portal: WIMP vs FIMP
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Sommerfeld eTe™

Related to e+e- = y y hep-ph/0412403

- diverges at low v
-7 Ap < aafv)"

If v<a = Non perturbative, the ladder diagrams
have to be resummed.

p_prik P NB: v<a — The coulomb potential is larger than
the kinetic energy of the incident particles.

The NR incident pair of electron has its plane
PT ik P wave deformed by the coulomb potential.

— Need an improved calculation [Sommerfeld 1931]
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Backup

Sommerfeld EWDM

For EWIMP hep-ph/0412403

~ Unitary limit
+ 2 2
=0 X oo
X Y agv n~ —22 ov < 4_7T
W' myy vm?
~0 7 Bound exceeded for heavy m or low v
}' — Higher order corr. to be included
~0
X ¥ 4
w
or ° o
~0 79
X 4

172 3 4 n-1n

n  — Higher order corrections increasingly
A, ~a <a2m> important for aiom 2 my

- non perturbative regime
- resum the ladder diag.
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Sommerfeld single mediator -theory

ArXiv:0810.0713 : Single mediator

Sommerfeld enhancement is an elementary effect in NR QM: The
potential may significantly distort the wave function of describing the
relative motion of the initial pair of particles:

1 o k2
— — VY, + V(r)¢Yr = ml/fk

2M
_ _ |k (0)?
o= UOSk Sk = |’l/)(0)(0)‘2 —.  WAVE fn at the
Coulomb case B origin, no V
« 5, v
Vir)=—-—— _ €y =%
( ) 2r Sk = ’—1—6_% €y o

yiyes
Sk — —  Atsmallv
v

The Sommerfeld effect is caused by the distortion of the plane wave describing
the relative motion of the ann. pair through the exchange of light mediators
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Sommerfeld single mediator -results

Yukawa case V() = —e-mer A0 g g0t
2r
2 2mey
_x sinh (r Z/s)
€y ol (_2mey . 1 2 e
* cosh (53227) ‘°°5<2”\/m‘wfmf) 10°8 — 3

Resonant behaviour at:

10°

Gaxmx
my~———, n=123... 10° E
2::0
L me
€p = ——
7r2axm¢ aM
- 6me2 102 4
10
10° 4
ol 10!

10"

10° 10'
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Take Home Message

SM

@ We extend the Standard Model portal to include the Higgs

@ Still xpe Majorana-like multiplet of SU(2), ie with compressed spectra
(Am ~up to GeV < mpy ~ multiTeV )

o Careful : Sommerfeld effects affect the boundaries of the parameter
space especially for large representations!!

@ Something like a 5-plet or 3-plet Majorana DM candidate might not be
fully excluded yet and could be tested by direct DM searches

Now you can sleep until the conclusions ;)
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This is really the end )
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