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WIMP Freeze-out: The simple picture
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WIMP Freeze-out: The simple picture
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WIMP Freeze-out: The simple picture

Freeze-out
DM annihilation driven

Qh* o< 1/{ov),
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Introduction

Freeze-out versus Freeze-in: going toy < 1

DM abundance: Freeze-out verfé

Bernal et al. ‘1% ' foarox mDM/T K ' foarex ‘ ma /T /
600 GeV'\> MpM
Qh? ~ 0.1 ( ( )
) < ma ) 10 keV
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Introduction

Annihilations vs coannihilations: going to Am < m

Freeze-out
Partner annihilation driven

Qh2 o 1/<O'U>eff

PARTNER

A

<0”U>eff XX eisz’%?(O"l))AA

Am =my —m,
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Introduction

Simplified Model
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Simplified Model
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Introduction

Simplified Model: 3 extra parameters m, , my, y

Dark matter x (~ Majorana) fermion coupled to dark A and SM B through
Yukawa-like interactions [ see E. Ma, F. Kahlhoefer & O. Lebedev talks for FI with A from visible sector ]

L CyxAB

@ Dark sector (Z; odd): my > m,,
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Introduction

Simplified Model: 3 extra parameters m, , my, y

Dark matter x (~ Majorana) fermion coupled to dark A and SM B through
Yukawa-like interactions [ see E. Ma, F. Kahlhoefer & O. Lebedev talks for FI with A from visible sector ]

.............. > «
—_—
L CyxAB /9 e_g_SM
0 O
@ Dark sector (Z; odd): my > m,, B —g—sMm
@ AisSU(2) x U(1) charged o

non-pointing

muon spectrometer

o fastATA <+ SM SM through & TS
gauge interactions at early time e N &W“ %

e A is produced at colliders today ' : ¥

@ \-A-SM interactions: b\ Bl 2

o x=FIMP &y < 1074 / /l
o long lived A at colliders
through A — By

[See also 1903.04497]
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Freeze-in

Frozen in FIMP:
Large mass splittings within the singlet doublet case
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Freeze-in

Freeze-in

DM abundance: Freeze-out
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Freeze-in

Freeze-in : 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]
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Suppressing small scale structures
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[see also talk by Felix Kahlhoefer and Johannes Herms for other probes of
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Freeze-in

Framework: H-coupled fermionic Dark Matter

see also [Mahubani’05, D’Eramo’07, Enberg’07, Cohen’11,Clifford’ 14, Calibi’ 15, Freitas’15; etc]

s w4 AM
e Am ~ 300 MeV
w:l: e _ e / X2.3 ==j m e
Xas N B AW, Z 0> mg > Am
X1 —YX—

—L D pbg - Y+ y(ba - Hipg + HIp, ) 4+ my/2 i + hec.

@ SM + 3 dark fermions~~ Z, symmetry for DM stability
=% ) w=( ) w
: w0 2, -3 v ) /1

(X17X2: XJ)T =U (Tr/)&wg’xg)T

@ We work in the limit: y < 1 and p > my

NI=
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Freeze-in

Freeze-in from doublet decay
Freeze-in in the limitof y < 1 & p < my:

270M py T[xs = Bxi] Tx2 = Bxl Tyt — Wy
Ya= 0 34312 Z m?2 N Z m?2 9 m
(1.66)83gs B=Z,h X3 B=Z,h X2

Charged fermion dji

: p+AM
. ~300 MeV
Two degenerate !
neutral states X2’3 E — K
(mainly doublets) ' | Small radiat
WE 17 or j splitting
. ]
. ]
Light DM AR/

(mainly singlet) X1 mg
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Freeze-in

Freeze-in from doublet decay
Freeze-in in the limitof y < 1 & p < my:

270M py < Z I'[xs — Bxi] i Z Ilx2 = Bxi) + o Lyt — WHXJ)
p

3/2 2 2 2
(1 66)8m3 g, B=Zh Ms B=Zh Ma my

X1

Contours of y giving Q, 4* = 0.12

01

[ %1071 4
Charged fermion dji - U +AM 10

: ~300 MeV F

Two degenerate X2 — - = 1073k 4

neutral states ! = (‘5 E

(mainly doublets) ' H Small radiat = [ 5
' H e - 3x10
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' N L
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1075 ]
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my,, [GeV]
~ relevant H- couplmg for freeze-in in IM2D: y < O(1078) for mpy > few keV

Results confirmed using

0 [Belanger’18]
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Freeze-in

Disapearing track or displaced h/Z+ MET

Copious production of 2 3, % at colliders through EW processes

R R e

® xox3 — ZZ/hh/Zh+ MET

¢i — p+AM

v+ Disappearing

v Charged track
X2,3 =——=p
EZ or h
! Displaced Z/h+MET
X1 me
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Disapearing track or displaced h/Z+ MET

Copious production of 2 3, % at colliders through EW processes

° U — iy BR[Y* — x23 "] and cty for Qyh*=0.12
~+ disapearing charged track 0.1 ' ‘ ‘ ]
with c¢7 ~ O( Cm) :1.2cm E
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Disapearing track or displaced h/Z+ MET
Copious production of X3 3, 1+ at colliders through EW processes

o ¢YE = s

] - Contours of cty,,, for 0,k=0.12
~ disapearing charged track 0.1 ‘ :

with 7 ~ O cm) Ftand=10
~ > 150 GeV from (atLas pri7) 10_2;
® X2X3 — ZZ/hh/Zh+ MET P
~ displaced vertex with jet and S 103k ¢
MET with possibly ¢ > O( cm) & i
~ probe 1 < 1.2 TeV (atLaspv'17] -
p K= SN 10—4,
10_55— I
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Freeze-in

LHC & Cosmo complementarity
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LHC & Cosmo complementarity

Bl Lyman-o exclusion

mm DV + EJ'**95% CL (32.8fb )
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Conversion driven freeze-out

Conversion driven freeze-out
Leptophilic DM
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Conversion driven freeze-out

Annihilations vs coannihilations: going to Am < m

Freeze-out
Partner annihilation driven

2
PARTNER Q7 o 1/{ov)ess

A

<0”U>eff XX 672”%(0’1})14,4

Am =my —m,
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Conversion driven freeze-out

Framework: Leptophilic DM with compressed spectrum

see also [Berestrom ’89+. Brinemann *08+. Ciafaloni *11. Garnv *11+.Toma *13. Giacchino’ 13++. Tharra’ 14. Belanger’18. Calibbi’18...1

¢ t Am~ few GeV

X
¢ e — AX< e my >100 GeV

B

IR
lp = er, iR, TR

m
LC Lk — TXXX —myd'd — Adxig + Mu|oP|H|* + h.c.

@ SM + 1 charged dark scalar ¢ + 1 Majorana dark fermions
(Z, symmetry for DM stability)

e my > m, and we are mostly interested in A\, < 10~
~ ¢ LLP at colliders

@ We work in the compressed limit: Am = mg —m, < m,
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

LiE= AxDXIRm =150GeV, Am=2GeV, A,=8+10""2, Ay=0.1

10% 10~
. 1000 é& 107°
c < >
10 % 10
01 10-111Qh?=0.12
10-" 10 107 1075 0.001 0.100 1014 Yx \
Ay 0.01 0.10 1 10 100 1000
x=my/T
Freeze-in: feeble couplings A\, < 1078
2
Yy < Tgyye )\X

@ Annihilations: ¢t —SM SM
keep ¢ in eq. until ¢ fo (rate oc g*%)

@ Conversions: ¢ — £x and pSM — xSM
DM production (rate o< /\2{ )\igz)
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

£ Cc—- AX(ZS)ZZR
105}
| -4
1000} Y s ~Ax
o | (\;O/ 6@
c 10+ @@ e(‘)\
& 9
017> AN
10-"" 10-° 107 10-5 0.001 0.100 I

A

SM

DM annihilations driven Freeze-out: weak couplings A, > 0.1
Yy o 1/0vy o< AG*

@ Annihilations: yx — ¢
keep x in eq. until x fo (rate oc X})
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

— A\ oXL,
Am=2GeV, /\H=O.1£ & xPXIr

105
N 1000 /\Q PARTNER
= (&) J
c A,
100 &
3 -44 0
) ~g "Ax
0.1
freeze-out
10-"" 10° 107 1075 0.001 0.100 :
A

X

SM SM

Mediator annihilation driven Freeze-out: weak couplings A\, < 0.1
Yy o 1/0vgst o< X),

@ small mediator-DM splitting Am/m, < 0.1
@ Annihilations: ¢t —SM SM
keep ¢ in eq. until ¢ fo (rate < g*)

@ Conversions: ¢ — £x and pSM — xSM
keep ¢ and x in chemical equ. (rate o< )\“ /\Xgh)
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

aG—\ YIr _ B 104 2.
Am=2GeV, A,=0.1 X¢X my=150GeV, Am=2GeV, Ay=10"", A4=0.1

10 ] 10+ S
1 ‘\\
1000 < 1 1078 @ \
= < ] \
c iV, > \
10} @ 1 8
-44 O \
LS e R -
2
¥ ot N 1011l Qn?=0.12 \
10~ 10" 107 10° 0.001 0.100 10-14 \
Ay 0.01 0.10 1 10 100 1000
x=m, /T
Mediator annihilation driven Freeze-out: weak couplings A, < 0.1
0
Yy o< 1/ovggr o< Ay

@ small mediator-DM splitting Am/m, < 0.1

@ Annihilations: ¢t —SM SM
keep ¢ in eq. until ¢ fo (rate oc g*%)

@ Conversions: ¢ — £x and pSM — xSM
keep ¢ and x in chemical equ. (rate o< )\i, /\igz)
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Conversion driven freeze-out

From freeze-in to Freeze-out through coannihilations

ﬁ @@=\ *lR'n\:WSOGC\/. Am=2GeV, /\,:8*10’7. An=0.1
Am=2GeV, A,=0.1 x$X

[ 10-2
0 [ Conversion )
1000} driven 10-°
& [ < S > i
S 4ol @é\) freeze-out 10-8
0.1 11
freeze-out 10
107" 10=° 1077 1075 0.001 0.100 10-1 \
A 0.01  0.10 1 10 100 1000
\ x=my/T [See also Garny ‘17 &18]
Conversion driven Freeze-out: feeble couplings A, <,10~7
Y, /whenTy. ., \

@ small mediator-DM splitting Am/m, < 0.1

@ Annihilations: ¢t —SM SM
keep ¢ in eq. until  fo (rate o< g*)

@ Conversions: ¢ — £x and SM — xSM
barely keep ¢ and x in chemical equ. (rate oc A}) ~= 1y (T) > 18 (T)
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Conversion driven freeze-out

Conversion driven FO: Viable parameter space

Ay S few x1078, Am < few GeV and m, ~ few x 100 GeV for Ay = 0.1 J

0h?=0.12]

my [GeV]
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Conversion driven freeze-out

Conversion driven FO: Viable parameter space

A S few x1078, Am < few GeV and m,, ~ few x 100 GeV for Ay = 0.1 ]

WIMP freeze-out

@ right limit: freeze-out driven by
mediator annihilations

@ left limit: LEP constraints
on charged mediators

@ bottom limit: Am > my
(or beyond 2 — 2)

9
X

250 300 350
my [GeV]

Ayx/107

- r - - A0
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Conversion driven freeze-out

Collider constraints on charged (disapearing) track
Production of charged ¢ at colliders through EW processes (for small Am):

T ~ Ax 2( Am )2 100 GeV
¢=x! ™~ 25cm \ 10-6 1GeV My

Ay =01
" 1000 T - : —
r Conversion FG
P s /
X 100}
p lr 5
DY production - LY e Nt S
X 5 Mediator FO
“ L
0h?=0.12
0.1
100 150 200 250 300 350
mg (GeV)
lr = pR
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Conversion driven freeze-out

Collider constraints on charged (disapearing) track
Production of charged ¢ at colliders through EW processes (for small Am):

T ~ Ax 2( Am )2 100 GeV
¢=x! ™~ 25cm \ 10-6 1GeV My

Ay =01
1000 — :
@ Heavy Stable Charged Particles : HSCP Conversion FG
charged track with 100l dmsq
ct > O(detector size)
~ ¢ < few m for my < 350 GeV £
from [cms HscP 16] USING suodels = >
@ Disapearing track: charged track with °
cT <(detector size)
exclusion region around
o c7 ~ (5,50) cm, mg < 130 GeV
from [ATLAS DT’ 18] 100 150 200 250 300 350
e ¢t~ (0.2,4) m, my < 170 GeV mg (GeV)
from (cms b8 lr = pgr
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Conclusion

1072
102 7

cr=100m| Ly,

s, 300/fb excl

=012 3

[
500 1000 1500 200
4 [GeV]

0

Conclusion

ety (om)

1000

100

o

0.1

100 150 200
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@ H-coupled FIMP fermionic DM: freeze-in through decays
o small couplings y ~ 10~% — 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.

@ Leptophilic FIMP fermionic DM: Conversion driven freeze-out

o small couplings y ~ 10~% — 10~® but long lived mediator at colliders

partially tested with charged tracks
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Conversion driven FO: Viable parameter space

Ay S few x1078, Am < few GeV and m, ~ few x 100 GeV for Ay = 0.1 J

0h?=0.12]

my [GeV]
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Conversion driven FO: Viable parameter space

A S few x1078, Am < few GeV and m,, ~ few x 100 GeV for Ay = 0.1 ]

WIMP freeze-out

@ right limit: freeze-out driven by
mediator annihilations

o left limit: LEP constraints
on charged mediators

@ bottom limit: Am > my
(or beyond 2 — 2)

9
X

250 300 350
my [GeV]

Ayx/107

— e - - Qe
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Conversion driven FO: Viable parameter space

Ay S few x107°, Am < few GeV and my ~ few x 100 GeV for \y = 0.1 |

Qh?=0.12
Ag = 0.5

@ right limit: freeze-out driven by 12
mediator annihilations 1ol
o left limit: LEP constraints e
on charged mediators 5,
@ bottom limit: Am > my .

(or beyond 2 — 2)

o Larger (ov)g for larger Ay
increase the viable parameter space

200 400 600 800 1000 1200
my [GeV]
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Collider constraints on charged (disapearing) track
Production of charged ¢ at colliders through EW processes (for small Am):

T ~ Ax 2( Am )2 100 GeV
¢=x! ™~ 25cm \ 10-6 1GeV My

Ay =01
" 1000 T - : —
l Conversion FG
R
P s /
X 100}
p lr 5
DY production - LY e Nt S
X 5 Mediator FO
“ L
0h?=0.12
0.1
100 150 200 250 300 350
mg (GeV)
lr = pR
Laura Lopez Honorez (FNRS@ULB & VUB) FIMP: from FI to conv FO

September 12, 2019 24 /21



Collider constraints on charged (disapearing) track
Production of charged ¢ at colliders through EW processes (for small Am):

T ~ Ax 2( Am )2 100 GeV
¢=x! ™~ 25cm \ 10-6 1GeV My

1000 =
@ Heavy Stable Charged Particles : HSCP Conversion FG
charged track with 100l dmsq
ct > O(detector size)
~ c1 < few m for my < 350 GeV £
from [cms HscP 16] USING suodels 8
@ Disapearing track: charged track with °
cT <(detector size)
exclusion region around
o c7 ~ (5,50) cm, mg < 130 GeV
from [ATLAS DT’ 18] 100 150 200 250 300 350
e ¢t~ (0.2,4) m, my < 170 GeV mg (GeV)
from (cms b8 lr = pgr
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Collider constraints on charged (disapearing) track
Production of charged ¢ at colliders through EW processes (for small Am):

T ~ Ax 2( Am )2 100 GeV
¢=x! ™~ 25cm \ 10-6 1GeV My

Ay=0.5

1000 - H
Conversion FO {

@ Heavy Stable Charged Particles :
charged track with

100
ct > O(detector size)
~ c1 < few m for my < 350 GeV ’g
from (cms Hscp 16] USING sMode1s < 10
e
@ Disapearing track: charged track with
cT <(detector size) 1
exclusion region around
o c7 ~ (5,50) cm, mg < 130 GeV 0.1
from (ATLAS DT'18) 100 200 500 1000
o c7 ~ (0.2,4) m, my < 170 GeV Mo (GeV)
from [cms pT 18] lRr = uR
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________ bukp
LHC & Cosmo complementarity

107

Il Lyman-a exclusion

mm DV + EJ 95% CL (32.81b ")

__ DV + EJ** 95% CL (300 b )

_. DV + EJ'*® 95% CL (3000 fb ")

B Disappearing Tracks 95% CL (36.1 fb~')

--- Disappearing Tracks 95% CL (3000 fb~)

— MATHUSLA100 95% CL (300 fb-")

--- MATHUSLA100 95% CL (3000 fb-")
MATHUSLA200 95% CL (300 fb~')
MATHUSLA200 95% CL (3000 fb~")

— Q=012 (m; = 1 GeV, Tew = 50 GeV)

..... QMR =042 (my = 1 GeV, Tew = 160 GeV)

— Q=042 (m = 10 MeV, Tew = 50 GeV)

..... QR =0.12 (my = 10 MeV, Tey = 160 GeV)

— Q=042 (my = 100 KeV, Tey = 50 GeV)
QMR = 0.12 (my = 100 KeV, Tey = 160 GeV)

CTXQ (m)
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LHC & Cosmo complementarity

CTXZ (m)

10°
ms (GeV)

[No’19]

FIMP: from FI to conv FO

SW/FI =1
B Lyman-a exclusion
Excluded by BBN
-~ Disappearing Tracks 95% GL (HL-LHG )
I Disappearing Tracks 95% CL (LHC 36.1 fo~')
_-. DV + E}’*5 95% CL (HL-LHC)
1 DV + E° 95% CL (LHC 32.8 fb ")
--- MATHUSLA100 95% CL (HL-LHC)
MATHUSLA200 95% CL (HL-LHC)
— 100 TeV 95% CL (Forward Detector 3 ab~")
-~ 100 TeV 95% CL (Forward Detector 30 ab~')
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From SuperWIMP to freeze-out

m=150GeV, Am=2GeV, Ay=0.1
107‘ Super Freeze-In Conversion Mediator FO DM FO
WIMP -~ FO
10°
~_ 1000 |
G \
10
0.100 Qh?=0.12
0.001"
10713 107" 107° 1077 107° 0.001
)‘X

0.100

@ULB & VUB)
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Relative scattering contribution to FI

Ay=5%10""%, A,=0.1

0.7 " ,
— my=150GeV
0.6
05 — m,=300GeV
»2 0.4 — Mx=500GeV
§03
>
0.2
0.1
0.0t : O
0 10 20 30 40 50
Am [GeV]

fi

Figure 4: The ratio of the freeze-in yields Yj..,, YLQ as a function of Am when taking

only decay processes into account for v

decay and including all the relevant scattering and

decay processes for Y;/l. We show the results for three different values of the DM mass
my, € {150,300,500} GeV while keeping A\, = 51072 and Ay = 0.1 fixed.
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Displaced lepton searches inappropriate

my=150GeV, Vs =8TeV my=150GeV, Vs =13TeV
— Am=5GeV — Am=5GeV
Am=10GeV Am=10GeV !
— Am=16GeV

— Am=16GeV

Distribution
Distribution

o 20 0 60 80 0 20 0 60 80
pr [GeV] pr[GeV]

(a) (b)

Figure 7: The pp-distribution of the leading muons for the case when my = 150 GeV and
different values of the mass splitting. The red vertical line denotes the cut on the py that
is made in the search [67, 68] at 25GeV for /s = 8 TeV (left) and 40 GeV for /s = 13

TeV (right).
In the small mass splitting case, most events do not pass current py cuts
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Conversion processes can affect the DM abundance

DM and mediator annihilation
and Co-annihilation processes

dYDM 8<0'Ucﬁ>

dr = H—.L (YZ%M - YEZJJVI,eq)
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Backup

Conversion processes can affect the DM abundance
and Co-annihilation processes
_ Y2
@ ms O, ) O
dx Hzxs nyeq Yy eqVoeq
Yx Y¢ ) Y2 Y¢>2
— _l’_ r)/ b —
Yx,eq Y¢’,eq Y'X2 eq Y¢2asq
dy, -2 i ( Y, Yy )
T () O
dx Huzs [ s ( ¢eq Yy eqYs.eq
e \
@ Yx,eq Y¢eq Yx2 eq Y¢>2,eq
Conversion processes
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1p

FIMP: displaced vertices and cosmology interplay

e.g. [Hall’09, Co’15, d’Eramo’17, Heeck’ 17, Boulebnane’17, Brooijmans’ 18, Garny’18, Calibbi’ 18, Belanger’18 ...]

2
QB2 ~ 0.12 (5 cm> (600 GeV) ( My )
cTA ma 10 keV
Mediator mass range
reachable at colliders
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P 4 @ 1000,
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A s
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Long-lived £
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= =
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T0001 001 00 T
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\% \ v
\ ! \ //varm DM like signatures

Suppressing small scale structures

10°° 107
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Freeze-in versus Freeze-out: feeble vs weak

Assuming £ C y xAB and my > m,:

10
o 1000 &K . X—{y—B
S 10 S A
0.1 Y X— 3|’ —B
AN
107" 10 10 105 0.001 0.100
y
@ Freeze-out (y 2 0.01):
4

] YDM X 1/<UV>Xx—>BB ~ l/y

e A role is irrelevant

) YDM(ti) = ngl/l
independent of init. cond.

September 12, 2019
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Backup

Freeze-in versus Freeze-out: feeble vs weak

Assuming £ C y xAB and my > m,:
X—(y —B

b % |

& S | A

< &

. \ LA
AN

N\
>
Qh

5

107
1000
10+
0.1
0.001 0.100

10° 107 1075

y
@ Freeze-out (y 2 0.01):
4] YDM 0.6 1/<UV>Xx—>BB ~ 1/y

e A role is irrelevant

@ Freeze-in (y < 107%):
eq

o Ypu o< Lasyyp ~ y?
e A plays the leading role
o We assume Ypy(1;) =0 o Ypu(ti) =Ypy
independent of init. cond.
September 12, 2019

(dependence in init. cond.)
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Conversion driven freeze-out

Am [GeV]
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¢ty (cm)
S

DT ATLAS

1 Qh2=0.12
1 0.1
| 100 120 140 160 180 200
150 250 mg (GeV)
my [GeV]
Ag = 0.01

FIMP: from FI to conv FO September 12, 2019

32/21



Conversion driven freeze-out

Ay=0.5

1000 H
Conversion FO {

Am [GeV]

‘ 0.1
200 400 600 800 1000 1200 100 200 500 1000
my [GeV] mg (GeV)
Ag =0.5
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m,=105GsV, Am=4GeV, A,=10"3, 4,=0.1

........................... $¢1->SM SM
6| == T~
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T 14 — — x¢=+SMSM
107* \ T e
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001  0.10 100 1000 777 X099
dYpu o S<0Uefr>
dx

Hax (YDZI\J - YD21\v1',eq)
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1
TZTiTj<UUz‘j> gelf:zgi
9ot 55 i

and r; = g;(14 A;)*?exp(— z ;)
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m,=105GeV, Am=2GeV, 4,=4.5+107, A,=0.1

...... $¢'>SM SM
xx-=l
— — x¢=»SMSM
- — xho
XSM-@SM
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dy, =2 Y? Y, Y,
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X:eq .eq X-€q o.eq

dy, -2 Y? Y, Y,
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Conversion driven

my=150GeV, Am=2GeV, Ay=8+10"", Ay=0.1

o
Y
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Conversion driven Co-annihilation driven

m,=150GeV, Am=2GeV, Ay=8+10"", Ay=0.1 my=105GeV, Am=2GeV, A,=10"%, A44=0.1
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Conversion driven

Freeze-in
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— m=300GeV, Am=2GeV, Ay=0.5

c — m=150GeV, Am=2GeV, A4=0.5
[ — m=150GeV, Am=8GeV, A4=0.5
0.1
4 =
‘ ‘ : - — m=150GeV, Am=2GeV, A4=0.1
10°"  10° 1077 105 0.001 0.100
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Figure 8: DM abundance as a function of the Yukawa coupling (as in Fig. 2) for different
values of the parameters m,, Am and Ay
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Relevant processes in Leptophilic DM

(co-)annilations

conversions

‘ initial state | final state | scaling | initial state | final state | scaling
| x [ R 3 7,2, H
I~ V.2, H Z,H I+
x| ¢ X2 5 ] x
w- v w- 7 ’
% Z,W | v, Z, W™ v w+
o o ! 1 2 g x| ¥ | X
H A t 1
x| x [¢] ¢ X
I I+
1) ¢ I - A
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Conversion driven freeze-out coupling to g

==
mt i |Du~] IR )\qu

[Heisig garny et al ‘17 & ‘18]

Qh? =0.12
b coupling -

Am gz [GeV]

AR ]
500 1000 1500 2000
my [GeV]
FIG. Viable parameter space in the plane spanned by

my anr] Am; = m; —my. We adjust A such that Qh* =

0.12. Above the llnck black curve CE holds, while below this
curve CE breaks down and the freeze-out is conversion-driven.
The corresponding coupling A /10”7 (decay length cr) of the
mediator is denoted by the thin green (gray) dotted lines. The
blue dashed (dot-dashed) curve shows our estimates for the
limits from R-hadron searches at 8 (13) TeV. The constraint
from monojet searches is shown as the red dot-dot-dashed
cw

FIMP: from FI to conv FO

5
2XJrC

Qh? =0.12

35 t coupling

30

[ 4 6body decay
ok

500 1000 1500

my [GeV]

FIG. 9. Cosmologically viable parameter space (2h* = 0.12)
in the conversion-driven freeze-out region (below black thick
curve). Contours of constant A, are show in green while con-
tours of constant ¢ lifetimes are show as gray dotted curves
spanning from 10%s to 10s in steps of an order of magni-
tude (the curve for 1s is highlighted in red for better read-
ability). 95% C.L. exclusion regions from R-hadron searches
at the 8 and 13TeV LHC are shown in dark and light blue,
respectively. The red shaded region denotes the constraint
from BBN. Below the horizontal gray dashed line (~ 5GeV)
the 4-body decay of the mediator is kinematically forbidden
rendering the 6-body decay to be dominant.
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Conversion driven freeze-out: Collider probes

a
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WDM constraints on FIMPs

See Heeck et al *1706 and *1709

m WDM: free-streeming (collision-less damping): collisionless particles can stream

out of overdense to underdense regions

10
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WDM constraints on FIMPs

See Heeck et al *1706 and *1709
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LHC & Cosmology complementarity
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LHC & Cosmology complementarity

10-¢ ”::‘ -,/' Prompt excl. tand=10 3

Fixed DM mass: overabundant
Fixed DM abundance: need lower mass

Fixed DM mass: underabundant
Fixed DM abundance: need higher mass
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LHC & Cosmology complementarity

Light FIMP can behave as WDM: o 2,
A — BDM with different A = 1 — m%/m?%

Freestreams from overdense to underdense = natis
L . T T T2 :
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LHC & Cosmology complementarity

Light FIMP can behave as WDM:

A — BDM with different A = 1 — m%/m?
Freestreams from overdense to underdense

regions in the early universe
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Displaced vertices recasting

Calibbi, Lopez-Honorez, Lowette, AM

Recasting ATLAS DV+MET

ATLAS arXiv: 1710.04901
CERN-EP-2017-202

+Follow object selection of
auxiliary materials

E%mh, dOa ntDr;/cksa mpv, Rdecaya Zdecay
+Apply the efficiency grids
+Validate recasting with model

in ATLAS paper as advocated
in Les Houches 2017

G. Cottin, N. Desai, J. Heisig, A. Lessa

Singlet Doublet DM Freeze-In
FIMP: from FI to conv FO

Simplified models with
fixed BR into h(+MET) or Z(+MET)

1000

100% x23-h x1

50% 23> h/Z
100L X3 fX'

104 .

1075

200 400 606 800 1000 1200 1400

LAY DV+MET search
has strong
reach on EW
states in SD-FI

LLP workshop 17-06
September 12, 2019
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Displaced vertices recasting

Recasting a DV+MET search by ATLAS

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

&)

74
EXPERIMENT

Submitted to: Phys. Rev. D. CERN-EP-2017-202

October 16, 2017

Search for long-lived, massive particles in events
with displaced vertices and missing transverse
momentum in Vs = 13 TeV pp collisions with the
ATLAS detector

The ATLAS Collaboration

A search for long-lived, massive particles predicted by many theories beyond the Standard
Model is presented. The search targets final states with large missing transverse momentum
and at least one high-mass displaced vertex with five or more tracks, and uses 32.8 fb™! of
Vs = 13 TeV pp collision data collected by the ATLAS detector at the LHC. The observed
yield is consistent with the expected background. The results are used to extract 95% CL
exclusion limits on the production of long-lived gluinos with masses up to 2.37 TeV and
lifetimes of O(10-2)-0(10) ns in a simplified model inspired by Split Supersymmetry. arXiv:1710.04901

Freeze-in DM at the LHC Lorenzo Calibbi (ITP)
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Displaced vertices recasting

Recasting a DV+MET search by ATLAS

Our recasting
Madgraph/Pythia/Delphes

13TeV with 328 5, ms=14 TeV , m, =100 GeV 13TeV with 32.8 57!, mg=2 TeV ,m,=100 GeV

Texalfb]
Texcllfb]

lns]
13 TeV with 328 fb !, my=14TeV, 7=l ns

Texalfb]
Texcllfb]

Ol w0 &0 R0 100 B0 o 500 1000 1500
my(GeV] m,[GeV]
Freeze-in DM at the LHC Lorenzo Calibbi (ITP)
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Displaced vertices recasting

Recasting a DV+MET search by ATLAS

oublet mass excluded
up to 1.2 TeV!

100% x23—+h x1

100 50% 23> WZ 31

Prompt

Doublet life-time

[m]

CTyss

8 TeV searches . -
Liu Tweedie, ‘15 107%F 4 E Our recasting

: Madgraph/Pythia/Delphes

-5, s L i s L ' '
10728677400 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
rez (FNRS@ULB & VUB) FIMP: from FI to conv FO September 12, 2019 41/21
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ovy em%/s]

Scalar DM

10° [BElanger et al 18]

Teptonic model

n,=12KeV, Ty~ 50GeV.

- m=1MeV, T = 10°GeV

Fermi LAT GC —— | + =10 MeV, Ty~ 109GeV
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This is really the end )
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