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Dark Matter Freeze-In in a Nutshell

Hall et al, 0911.1120

d negligible
npmM
F3HnpM = Nbathl prod — gwﬂ“;;
dt AN 4
Y
interaction rates
~

= Initial negligible DM abundance
(+ DM never thermalizes)

> Production from scatterings or decays

freeze-out : .. freeze-in

logyox

Bernal et al, 1706.07442

\_

DM/
YZRDM/S
r=m/T



; Dark Matter Freeze-In in a Nutshell

Hall et al, 0911.1120

= Freeze-in from decays [Y — XsM X]

» <
mother DM
dny eq K1(my /T) 135 gy € Mp T 1
—X +3Hn, =Tyny - Y, ~ Ysaploy
dt XY Ko(my /T) : 8rdmy  1.66 g5 (my /3)y/g:(my /3)



; Dark Matter Freeze-In in a Nutshell

Hall et al, 0911.1120

2 Freeze-in from decays Y — Xgm X

y R

mother DM
dny e K1(my/T)/ 135 gy € Mp T 1
—X +3Hn, =Tyny Y, ~ Ysaploy
dt A Kz(my) : 8r3my  1.66 g3(my /3)\/g+(my /3)
| 4

DM Relic Density: A ~ (107" —10""%), /%
X

Long-lived particle signatures (e.g. LHC) from Y decays!

g (012 ( m,y ) 300 GeV )
P R ) \100KeV ) T my




‘Freeze-In DM from the Higgs

Z -odd sector
SU(2) Singlet SU(2) Doublet

X

“«“Higgs Portal”’
Y M\ oy v _ _
L = Loy +i 07" Oux +i 07" Dyt — my Xx — mpttp ~{yy Y Hy + h.c.

= Simple DM version of complete setups (e.g. Higgsino-Axino, Higgsino-Singlino)

Co etal, 1506.07532
Calibbi et al, 1505.03867 (freeze-out)

See also: Calibbi et al, 1805.04423 (freeze-in)



‘Freeze-In DM from the Higgs

SU(2)

Zz—odd sector

Singlet SU(2) Doublet

“«“Higgs Portal”’

W o
L = Loy +i 07" Oux +i 07" Dyt — my Xx — mpttp ~{yy Y Hy + h.c.

= Simple DM version of complete setups (e.g. Higgsino-Axino, Higgsino-Singlino)

2 Tiny singlet-doublet mixing (DM is singlet-like)  sinf ~

~—

1

00

1 x2 — hx1 (m =5 GeV)
770 x2 — hyy (my =10 MeV)
1 x2 — Zx1 (m =5GeV)
TTT0 x2 =+ Zxi (my =10 MeV)

100

200 300 400

500 600 700 800 900 1000

mo (GeV)

Coetal, 1506.07532

Yxv

 V2(mg — my)

Decays of %,

X2 — hx1
X2 — ZX1




‘Freeze-In DM from the Higgs

Zz—odd sector

SU(2) Singlet SU(2) Doublet «Higgs Portal”?

W o
L = Loy +i 07" Oux +i 07" Dyt — my Xx — mpttp ~{yy Y Hy + h.c.

= Simple DM version of complete setups (e.g. Higgsino-Axino, Higgsino-Singlino)

Coetal, 1506.07532

2 Also note the charged component of SU(2) doublet 1™

Radiative mass splitting Do
ominan
om = my+ —ma € (260, 340] MeV Decays of = /4 decay
Wt = iy
vE = (Fryo
Y= — Win\

Relevant for
DM production



Freeze-In DM from the Higgs

2 Production of DM 1n early Universe (assume standard thermal history)

mq 135 Mp I'pr
pe/502 X 1.66 73 m3 [g4(ma/3)]3/2

Freeze-In: Qh? ~

Tpr=x2 = hx1) + T(x2 = Zx1) + T(¥* = W)
pe/so = 3.6 x 1079 GeV



‘Freeze-In DM from the Higgs

2 Production of DM 1n early Universe (assume standard thermal history)

m1 135 Mp1 FFI
pe/80 2 X 1.66 73 m3 [g.(ma/3)]3/?

Freeze-In: Qh? ~

mo \ 2
Super-WIMP: Qo h? ~0.1 (_2 )
Feng et al, hep-ph/0302215 TeV
X, freezes-out and then decays (Higgsino-like freeze-out)

[QDM B2 = O k2 + Qo B2 x "”1]

ma




‘Freeze-In DM from the Higgs

2 Production of DM 1n early Universe (assume standard thermal history)

m1 135 Mp1 FFI
pe/80 2 X 1.66 73 m3 [g.(ma/3)]3/?

Freeze-In: Qh? ~

Super-WIMP:
Feng et al, hep-ph/0302215
7] ‘e,
X, freezes-out and then decays 07y
106
1OSE
ml E 104-:
Qpwm h? = Q1 h? + Qo h? x =1 =1 Rato swiFi -5
mo | =] Ratio SW/FI -1
O 10%4 i Ratio SW/FI = 0.1
1 1 Ratio SW/FI = 0.01
1 575 Qnmh2=0.12(m1 100 MeV) ﬁﬁﬁﬁﬁﬁ
1029 7 Qowf? =0.12 (m; = 1 GeV) e
] ot Qomh? =012 (my = 10 GeV) e
101_: = Qouh?=0.12 (m; = 100 GeV) T~
| 1 Qomh?=0.12 (my = 300 GeV)
1=~ Qo h?=0.12 (my = 500 GeV)
100

102 Y

m. (GeV)



‘Freeze-In DM from the Higgs

2 Production of DM 1n early Universe (assume standard thermal history)

mq 135 Mp I'pr

F In: Quh® ~
reeze=in ! pe/502 X 1.66 73 m3 [g4(ma/3)]3/2

2 2\
Super-WIMP: Qo h” ~ 0.1 (TeV)

Feng et al, hep-ph/0302215

X, freezes-out and then decays 0y
106
ml E 10t
Qpwm h? = Q1 h% 4 Qo h* x =1 5 Rato swir -
mo | |E=3 Ratio SW/Fl -1 T
O 10%4 i Ratio SW/FI = 0.1 TN
/ | 1 Ratio SW/FI = 0.01 RN
| 505 Qouh?=042(m=100Mev) T~
Note however that if Super-WIMP 10%9 =1 QomA?=0.12 (mi = 1 GeV) e
component dominant and mass ratio Y AAAAASL | =0 e N
: g DT =0.12 (m; = 100 Ge -
large, DM would be quite relativistic! STOP 10"
Garny et al, 1809.10135 1==5 Qomh? = 0.12 (m; = 500 GeV)
DANGER 10 | T s
/e

mo (GeV)
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{ Constraints from Cosmology }

2 Lyman-a forest observations

Constrain washout of small-scale structure by partially relativistic (“warm’) DM

e
-----------------
. v
. e,
-----
Xid

mpym 2 4.65 keV _ | mpm 2 12 keV ( %gz %11 %j) b m%
Thermal warm DM v ! m?’-l

\_ Freeze-in DM from 2-body decay )

Baur et al, 1706.03118
Heeck et al, 1706.09909

00 Lyman-o exclusion

Assumes DM relic abundance is saturated!

-6
100 200 300 400 500 600 700 800 a00 1000

my,+ (GGV)



~ Constraints from Cosmology

2 Lyman-a forest observations

Constrain washout of small-scale structure by partially relativistic (“warm’) DM

2 Big-bang nucleosynthesis

If long-lived, X, visible decay products can affect BBN predictions

Constrain (hadronic) energy injection from the decay of X,

| I I | | | | | | | | | I
\ | Editors' Suggestion |
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PHYSICAL REVIEW D 97, 023502 (2018)

0.03Te

0.1TeV
0.03TeV
95%C.L.

Wﬂ‘ I|||II||| IIIH1||| IIIIITI1 [T

Revisiting big-bang nucleosynthesis constraints
on long-lived decaying particles

. .12 . . 345 .62 . 6.7
Masahiro Kawasaki, © Kazunor1 Kohn,” ™ Takeo Moro1, © and Yoshitaro Takaesu™

CMB excluded

Ef?q ~ HX

7=(6.11+0.04)x10-10

Logm(?‘v/sec)

Kawasaki et al, 1709.01211



Constraints from Cosmology W

2 Lyman-o forest observations

Constrain washout of small-scale structure by partially relativistic (“warm’) DM

2 Big-bang nucleosynthesis
If long-lived, X, visible decay products can affect BBN predictions

Constrain (hadronic) energy injection from the decay of X,

10-6
10-7 DM
10-8 f _
—_ 10_9 X2 hhh#"' q
!Zq>) 10-10 <
2 10-1t q
>e 10712 E
5:.‘ |g~.‘-: _13 E mz 2
E 10 ? qu ~ \/miz + TE [(1 — {z — &:1] — 4«53«51] ()(2 — Z)a]
10-14 &
= — a2 2
10_15 :5 gz_mZ/mE
L 0-16 = 7 =(6.11+0.04)x10-10 &1 = m? /mi
OOC}. 1017 E ol o
A2y 0 5 10
%, Constrain X Z EZ, x BR(x2 — ax1) BR(a — hadrons)
%%, Log,o(7v/sec) a=h.Z

Kawasaki et al, 1709.01211




Constraints from Cosmology

2 Lyman-a forest observations

Constrain washout of small-scale structure by partially relativistic (“warm”) DM

2 Big-bang nucleosynthesis
If long-lived, X, visible decay products can affect BBN predictions

Constrain (hadronic) energy injection from the decay of X,

107 5
108 4
108 4

10* 4

B
= 103
= ]
s
O 4
102
10" 5
104
107"
i I Lyman-o exclusion
BBN
1072

100 200 300 400 500 600 700 800 900 1000

mo (GGV)



:Probing Freeze-in at LHC

LRk

2 Mono-X (mono-jet)
Consider X, as effectively stable on LHC

(Re)interpret CMS bounds for DM simplified
models with vector mediator with m = m,,

107

101

-
—_
-
-
e
—
-

-

AVAVAVAVAVAV

-.-.—..._______

B Current CMS mono-jet exclusion (35.9 fb~7)
L__1 300 fb~' extrapolated mono-jet sensitivity

——-—

mo (GGV)
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;Probing Freeze-in at LHC

2 Mono-X (mono-jet)
Consider X, as effectively stable on LHC

= Disappearing tracks: ?pi — 7t X2 om = my+ —ma € [260, 340] MeV

[ few cm decay length ]

ATLAS disappearing track analysis for pure Higgsino production
ATL-PHYS-PUB-2017-019  (36.1 fb™)
[ ke | A J

.
.
'''''
s
‘‘‘‘‘
.
et

......... ' Displaced
leptons

Displaced L
Jets 1Y
Displaced

vertexes

ey > 145 GeV

HSCP

Displaced
photons




EProbing Freeze-in at LHC}

Mono-X (mono-jet)
Consider X, as effectively stable on LHC

Disappearing tracks: 1 — 75 xo

Displaced vertices (jets) + MET 10°
1 mm ATLAS Displaced Vertices (32.8 fo—1)
ATLAS 1710.04901 (32.8 fb ') - *==1 Projected ATLAS limit (300 fb—")
103 \nﬁ_ =1 m= 10 MeV
ﬁﬁﬁﬁﬁﬁ r==1 m; =100 KeV
X]_ .-.-""--
) 102
J
. 1
h/Z j gmw
: =
X2 h/Z J = 100
P o
J 10~
X1
Calibbi et al, 1805.04423 10-2
10-3

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

mo (GeV)



{Probing Freeze-in at LHC}

Mono-X (mono-jet)

Consider X, as effectively stable on LHC

Disappearing tracks:

Displaced vertices (jets) + MET

ATLAS 1710.04901 (32.8 fb'l)

X1

X2
h)Z
h/Z

X1
Calibbi et al, 1805.04423

J

T — T x0

[ ATLAS Displaced Vertices (32.8 fb—
.| 1 Projected ATLAS limit (300 fb~")
1073 1=m5 mi=1Gev
1==5 my =10 MeV
s | o0 my =100 KeV
1075 B Lyman-a exclusion
| [ BBN

105_ ““““““““““

L
£ |
e q

o 10
I~
Q

102.

1074

10°

10"
102

200

mo (GeV)



Probing Freeze-in at LHC

Mono-X (mono-jet)
Consider X, as effectively stable on LHC AAYAAVAVAY

Disappearing tracks: ¢¥F — mFyo

[ ATLAS Displaced Vertices (32.8 fb—7)
1 Projected ATLAS limit (300 fb~1)

o ° . 10?' === 4=
Displaced vertices (jets) + MET e
_ 1==5 my =100 KeV
ATLAS 1710.04901 (32.8 b 1) 10° m Lyman-o exclusion
X1 105] e
j 104_
X2 =
P | E I
h/Z J T 100 T
= 1 TTE==lN
h/Z j G
X2 102.
p
J 107 -
X1

Calibbi et al, 1805.04423

10°

10"

102
200 300 400 500 600

mo (GEV)




/Probing Freeze-in at MATHUSLA
/ {Courtesy of J

David Curtin

Vi o
An external LLP detector for the HL- or HE-LHC

Multi-layer
tracker in the
roof

W0z

Scintillator
sumrounds
detector g+
Surface ’
SIGNAL: *
E neutral ,'
E{ aas %" QCD background stopped in rock
..E"" LHC beam pipe
200m

100m
Reliance on well-understood technology

(RPC, plastic scintillators) means this
could be implemented in time for the

HL-LHC. But design not set in stone,
will explore other options!

Unofficial cost estimates of current design:
~ 50 million USD

Chou, DC, Lubatti
1 606.06298




Probing Freeze-in at MATHUSLA

cTy ~ 3000 m (

mi

) 500 GeV 2
100 MeV mo

MATHUSLA solid angle

from interaction point
A S

PMATH

decay = €geometric X Pdecay (18 CTa, Laa Lb)

La Lb
Pdecay(ﬁcTQ’La,Lb) —_— € SCTQ —e 867‘2

|ﬁX2 |/m2

CT’Xz (m)

10

108 5

10?j

105 5

10*

108

10°

101':

100 4

1

200 300 400

105j

MATHUSLA 4 Events (300 fb~
MATHUSLA 10 Events (300 fb~
MATHUSLA 4 Events (3000 fo~

m =1 GeV

my =1 GeV (micrOMEGAs)
my =10 MeV

my =10 MeV (micrOMEGAS)
==1 m =100 KeV

my =100 KeV (micrOMEGAs)

"

")
"
)

MATHUSLA 10 Events (3000 fbo~

500 600

mo (GeV)

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

700 BDD 900 1000 1100 1200 1300 1400
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106_
105

104-

CTXz (m)

102.

101 {4

10°

10"

10-2

103-

Putting it all together & wrapping up...

L ATUAS Dioplaccd Vertces @28 ) |

10?-

[ Projected ATLAS limit (300 fb~")
] MATHUSLA 4 Events (300 o)
"5 MATHUSLA 4 Events (3000 o)
- :""': m =1 GeV (mlcrOMEGAs)
Sl S my =10 MeV (micrOMEGAS)
Rt St my =100 KeV (micrOMEGAS)

-~ B Lyman-n exclusion
I

-
-
-
-

200 900

m, (GeV)

14



Putting it all together & wrapping up...

" ATLAS Displaced Vertices (32.8 fo')
1 Projected ATLAS limit (300 fb~")

107 1 MATHUSLA 4 Events (300 o)
1. T e ) -2 Higgs 1s well-motivated “portal” to DM
L RN 5 my =10 MeV (micrOMEGAS)
‘‘‘‘‘‘‘‘‘‘ 2ttt my =100 KeV (micrOMEGAS)
105 S, T S Lyt excusion = Explore its role in DM scenarios
. beyond WIMP
€ e.g. Freeze-In
1034
é‘é
O . . .
107 = Possible to probe freeze-in DM with
.y long-lived particle searches!
LHC
10° M =~ A (advantage of dedicated LLP
detector)
10"
10-2

200 900

mo (GeV)

14









Signal Reconstruction

Scintillator / f)/
Multi-layer [ / .x./ Y- 4
tracker £ =
LHC / Air-filled
interaction

. Ry decay volume .’
lent/ W .’

'l

*

invisible LLP

Chou, DC, Lubatti
1606.06298

~5% geometric coverage, but much deeper than ATLAS/CMS
— similar geometric acceptance for LLP decays (but no BG!)

Charged particle tracks are reconstructed with
~cm spatial resolution and ~ns timing resolution.

— determine charged particle speed with ~0.05c precision.

LLP decays are reconstructed as Displaced Vertices (DV)
in both space and time, with strict geometric requirements and vetoes.

Scintillator / ’/ / \
Multi-layer o’ i 1
tracker
LHC

interaction e’
pDint/

-*

[
L}
1
|

-*
-* | |

*
*

pfrom inelastic

scattering / scattering
LHC scattering neutrino cosmic rays atmospheric
p from LHC from LHC neutrino

Reject using tight DV signal requirements, geometry & timing.

~Zero background regime can be reached!

Cosmic backgrounds can be measured and studied during

beam down-time to verify rejection strategies.

Courtesy of
David Curtin
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