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Beyond Standard Model Physics

Many fundamental questions still open ...

? Where do we go ?
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Evidence for Dark Matter

* Galaxy rotation curves
* Gravitational lensing
* Bullet clusters

% Structure formations

-
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Gauge Bosons

Useful framework for pheno studies

Dark Sector

FIMP DM and LLP @ LHC
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_Dark Matter basic questions

1.How does it couple with the Standard Model?
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_ Dark Matter basic questions

1.How does it couple with the Standard Model?
2.How it is produced at early times?

3.How do we detect it?
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Weakly Interactlng Masswe Partlcle

Dark Matter abundance through freeze out (FO) mechanlsm
+Dark Matter annihilates into Standard Model Particles
+Dark matter in thermal equilibrium at high temperature
+Dark Matter abundance freeze-out during cooling of universe
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Il Correct abundance for weakly interacting massive particle !!!
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Problng DM at experlments

thermal freeze-out (early Univ.) da‘\‘ma

indirect detection (now)
e —

DM

direct detection

DM SM

production at colliders

E —
arge Hadron Collider
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WIMP under pressure
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lelts on WIMP DM are improving contmuosly
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Mediator search

FIMP DM and LLP @ LHC

WIMP mass [GeV/c?

Very sensitive in
5-1000 GeV DM mass
range

21-11-2019
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Dark Matter ZOO

But possibility for Dark Matter are much vaster

= R-parity NMGSHM
MS5M vioadng

Theories of -
Dark Matter oved i
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wIMP

weakly interacting massive particle

| +Coupling of order 1 with the SM
| + Thermal equilibrium with SM

§ +No dependence on initial cond.
|+ Freeze-out mechanism

|+ Testable in direct/indirect detection |

, + Testable @ LHC

FIMP

feebly interacting massive particle

+ Coupling of order 10A(-10) with SM }
+ Not in thermal equilibrium with SM |
+ Dependence on initial cond.
+ Freeze-in mechanism |
+ Elusive in direct/indirect detection §
+ Testable @ LHC (LLP signatures) |
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wIMP

weakly interacting massivg

} +Coupling of order 1
| + Thermal equilibrj
§ +No depende
. ¢+ Freeze-o
|+ Test:
L + T

ect/indirect detection |

In This Talk

FIMP

feebly interacting massive particle

+ Coupling of order 107(-10) with SM
+ Not in thermal equilibrium with SM |
+ Dependence on initial cond.
+ Freeze-in mechanism

+ Elusive in direct/indirect detection §
+ Testable @ LHC (LLP signatures)

\\ +What is freeze-in?

FIMP DM and LLP @ LHC

+Lead to longlived particles

+ Cosmological history plays a role

Alberto Mariotti (VUB)
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+Dark matter not in thermal equilibrium with SM bath

+Produced via decay or scattering of particles in thermal equilibrium

Hall, Jedamzik, March-Russell, West '09

Blennow, Fernandez-Martinez, Zaldivar '13

Bernal, Heikinheimo, Tenkanen, Tuominen, Vaskonen '17

Co, D'Eramo, Hall, Pappadopulo '15

Bélanger, Cai, Desai, Goudelis, Harz, Lessa, J.No, Pukhov, Sekmen, Sengupta, Zaldivar, Zurita '18

Freeze-in through decay

Standard Model bath
Dark Matter

<)

(>

Alberto Mariotti (VUB) FIMP DM and LLP @ LHC 21-11-2019



* Mother (mediator) A in thermal equilibrium

* Mediator A decays to Dark Matter and produce it

Boltzmann equation

Particles in thermal Dark Matter
equilibrium

dominated
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FIMP phenomenology

+What is typical value of portal coupling? :
*Can we probe FIMP DM experlmentally’?

FIMP Dark Matter
abundance

Cosmology ['4 600 GeV \ mpm
hist Qh? ~ 0.12 ( )
—— (4 x 10-13 GeV) ( ma ) 10 keV

Standard

B 2
Yy 8 \\
A—@K FANS_wmA ) Y~ 10" yery S a‘“

5 *Suppressed signal in direct detection

| % Suppressed signal in indirect detection }

Can LHC probe FIMP?
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+Mediator has sizeable coupling with SM particles equi;z, therma,
ri
+Can be copiously produced at the LHC u
P A
DM
B
P
Long-lived DM

Typical mediator decay length
is macroscopic:
EXOTIC SIGNALS @ LHC !
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Standard 5cm) (600 GeV\” / m
Cosmology # QOh’ ~ 0.12 ( ) ( ) ( X )
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Standard

2
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| disappearing or |
displaced kinked tracks %&
multitrack vertices : o
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: emerging jets
lepton-jets, or =
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»

trackless,
| low-EMF jets

quasi-stable

_ , , charged particles
multitrack vertices in the

muon spectrometer

Challenging but powerful

[Figure from Heather Russell]
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lepton-jets, or
lepton pairs

W i \) i +New CMS and ATLAS searches keep on coming
/ +Many signatures not yet explored

+HL-LHC will open new opportunities

trackless,
i low-EMF jets

+Interesting for future detectors

quasi-stable

[Figure from Heather Russell]

; o charged particles - - P C
bl ey ‘< +Active Working Group o™ ® ere
/ / /\ Report: arXiv:1903.04497 _outd nide

Next meeting: 27-29 November in Ghent

DM connection

What are DM models with long-lived signatures?

+Several DM scenarios with LLP signatures...
* FIMP, SuperWIMP, Asymmetric DM, Pseudo-Dirac DM, Conversion Driven FO, ...

* And others to come?
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23 Calibbi, Lopez-Honorez, Lowette, AM

+Minimal model with few extra fermionic states Mahbubani, Senatore '05

Wy =Y )0 @y =(Y) @ -

. o . i e,
+Lagrangian coupling with the Higgs See

1
_Ejﬂwd'¢u+yd wd'st_Fyu HTwu¢s+§ms ¢s¢s+h-0-

Yu = ysinb, y; = ycosh.
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Calibbi, Lopez-Honorez, Lowette, AM

W y
Wy =Y )0 @y =(Y) @ -
) e
+Lagrangian coupling with the Higgs 0850,
1
— L Dﬂwd'¢u+yd wd'st_Fyu HTwu¢s+_ms ¢s¢s+h-0-

2
Yu = ysinb, y; = ycosh.
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o5 Calibbi, Lopez-Honorez, Lowette, AM

Wy =Y )0 @y =(Y) @ -

u Sy,
+La ' ] j j //77000707%/
grangian coupling with the Higgs Sy
1
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Calibbi, Lopez-Honorez, Lowette, AM

Where is region of parameter space suitable for freeze-in ?

v _ _ 2T0Mp, (Z [ = Bl | g~ Ihe = Bul rwuwm])

X
/> bo66)8met? \ e | A, i <m?<2 m,

Dark matter

Decay width of heavy doublet components into dark matter
abundance
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27 Calibbi, Lopez-Honorez, Lowette, AM

Where is region of parameter space suitable for freeze-in ?

270 M p, T[xs — Bxi] I'[x2 — Bxi] L™ = W]
Y= 5 3/2 < Z m2 + Z m2 P m?
/9 (166)87’(’ g« B=Zh X3 B=Z.h < X2 (o

Dark matter

Decay width of heavy doublet components into dark matter
abundance

L0 th.ll(y)( Xl) |
» | X1 . 108 10 keV i

H /]

g —

Typical coupling size Very light DM mass, Doublet mass scale
for displacement cosmological constraints accessible at the LHC

One can impose the correct relic abundance
and reduce the parameter space
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o8 Calibbi, Lopez-Honorez, Lowette, AM

2/ m 700 GeV \ |
O.. h? ~0.11 ( J ) ( X1 ) .
X1 . 108 10 keV I :

Fix Dark Matter abundance to correct value

Char ged BR[Y* - x2a 7] and c7y f
R SRR —— |

f zr {HIOH o _ Decays mainly to pions and X2.3
i 10 *F 3 on relevant parameter space
- 1 em B e -+
. YT = T X2,3
103
8 D8cm G
. ol T ! ] Typical decay length is ~cm
[ - - - il
10 °g | |- ,’fi ing rack hee
< | 75% . appea‘ Ge\l
£ ’J _'_,.-'://C'.Gcm S DIsAPT " 450 ATL-PHYS-PUB-2017-019
107L S0 1000 1500 2000 for pure Higgsino see e.g.

Mahbubani, Schwaller, Zurita '17

my [GeV] Fukuda, Nagata, Otono, Shirai '17
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29 Calibbi, Lopez-Honorez, Lowette, AM

2 m 700 GeV \ |
O.. h? ~0.11 ( J ) ( X1 ) :
X1 ! 10-8/ \10 keV " :

Fix Dark Matter abundance to correct value

Neutral Contours of ct,,, fo
£ ; Eang=10 = 3 Decays to Z and h almost
AL T ; democratically

i 1 km E
10—25_ /_
3 /‘ Decay length ranges from

0.01 to 1000 meter

Im /_
Oemp— - Displaced Z/h
; plus MET
B lcm /- (LT
1067, 2, . . . / I for Higgsino-gravitino see
500 1000 1500 2000 Meade, Reece, Shih '10
Mmy,, [GeV] Liu, Tweedie, '15
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Calibbi, Lopez-Honorez, Lowette, AM

Collider signatures

[ Production modes at the LHC J

Lo n Doublets
pp — Xox3 + X, pp =Y + X, pp — X230 + X, BEGEAE
modes
X1
Long-lived
particles } J
Fixed
J Contours of ¢t ,, fo Dark matter
0.1 _tan() '10' = —apundance
j A= ]
I 1 km i
J 100 m
3 107 mm/‘;
Displacement in region of parameter pe f
space with correct relic abundance §’< 10~4L I'm /-
(from 1cm to 1Km) :
05 eml— -
107 ¢ E
Displaced Z/h+MET is : S
/ / 1007 .~ . / .
main signature of the model ! 00000500300
my,, [GeV]
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31 Calibbi, Lopez-Honorez, Lowette, AM

Simplified models with

ATLAS arXiv: 1710.04901

CERN-EP-2017-202 fixed BR into h(+MET) or Z(+MET)

Search for
Displaced Vertices + MET

We reinterpreted it for

our final state
X1
J
P X3 /
: Decay
h/z / distance
h/Z j
D X2 :
] 10 e
200 400 600 800 1000 1200 1400
X GeV
1 s [GeV] High mass reach
Long-lived 8TeV limits /‘
particles Z.Liu, B.Tweedie, '15 Long lived
CMS PAS EXO-12-038 particle mass
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Calibbi, Lopez-Honorez, Lowette, AM

10'25- 5Tl /0 T

Disappearing
Track searches

— —

10_3§

DV+MET

Fixed
mb Dark matter
mmo=T0 | abundance

10m|™ |

"Warm" Dark Matter
constraints

(Lyman alpha)

J. Heeck and D. Teresi '17

Dark
Matter
Mass

10_6 L R S R R S /

lcm

1000

p [GeV]
Doublet —

mediator mass

1500

I\l LHC can be competitive in
large displacement region!
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Calibbi, Lop

ez-Honorez, Lowette, AM

Feebly Interacting Singlet Doublet Model

* FIMP is alternative paradigm to set dark matter abundance

* Naturally involves feeble coupling
* Extremely hard to detect in experiments

*LHC can probe these models via exotic signatures

>

X Interplay of displaced vertices and cosmology!

*x LHC reach can extend to not-warm dark matter (

Dark
Matter
Mass

10—2 E—E/ T T
103E ] 7

1076

> [1m]]
\(2‘ 10_4-_ III‘ ‘\\ _:
S | ‘\\ ]
s | [0em]
-5 + -
1077 { o]

= ) -

! -

Mediator mass
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In progress with Calibbi, D'Eramo, Junius, Lopez Honorez

_What about reheating?

34

| X Assumption of radiation domination is very simplistic

* We know there is inflation!

Reheating
Rey.

L)
"Nato %9 10

N de cay

* At the end of inflation the SM bath is reheated at TTU
 Large allowed range for reheating temperature 1,.. > MeV

xIf .. ~ ™M 4 the FIMP production mechanism is modified

Q: How does the previous picture (freeze-in vs LLP) change with Tre?

Alberto Mariotti (VUB) FIMP DM and LLP @ LHC 21-11-2019
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R.Co, F. D'Eramo, L. Hall, D.Pappadopulo '15

Inputs from cosmology

* After inflation: simple evolution of Universe energy density
* Governed by coupled Boltzmann equations

PI

Tye ~ / Mp Ty

1 4
max \/ﬂ /

dpy dorSSume
Inflaton __——> +3Hpy = —T'yvipw, ®Cays nio Matop,
energy density dt "alatin,,
dpr
Radiation __—> —— + AH pr = LUypum.
energy density at
INFLATION ; MDya ' | RD
| |
acxexp(Hit) T~ : a o t?/3 T o< a™3/® : a o t1/?
| |
p1 = const pr >0 I proca® PR X a3/? I T o g~}
| |
Maximal : : Reheating
radiation temperature : : temperature
|
|
|
|
|

a; apr a

Taken from R.Co, F. D'Eramo, L. Hall, D.Pappadopulo '15
T-reheating is new parameter in the model !!

See also Di Marco, De Gasperis, Pradisi, Cabella '19
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I cons:der a toy model to lllustrate the lmpact of Tre on the DM pheno

QSM plus leptophilic mediator ¢» plus DM X\ '
. LD )\X¢)_(€R + h.c. ) ¢AX
% Freeze-in through decay )\, <1 /
ézf[cb—ﬁx]ﬁ%mqs Zv Z¢
X

Long-lived

(4 parameter model:{m¢, my, CTg, Tre})

Alberto Mariotti (VUB) FIMP DM and LLP @ LHC 21-11-2019



. A toy model S_EB,EL“‘““\‘AU

A‘ -* LHC phenomenology ‘ charged Ascalar ‘palr productlon |

X
€+

P ¢—|—

r Qy

* Possible LHC signatures and constraints

10*
C"”S73TeV(f12/fb)//
cms13Tev(sam)_ V0]
ATLAS13TeV(36/fb) | - =1
"(E: ]
=~ 10}
Q \“
1 : \
Our recasting of .
0.10} CMS8TeV(2f0{tQ)/_/
0000 200 300 400 500
my (GeV)
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* Freeze-in during radiation domination

. . e
* Freeze-in is IR dominated, stops at | ~ ——

3

10717 * DM abundance scales prop to mediator decay width
1028 | :
0.001 0010 0.100 1 10 100 1000
X=mB/T
* Recover previous simplified assumptions results
10%— T“ =107 Gev.
Ry I
Cold DM ook T _
Very long lived mediator T I
100f T Moy = 10 MeV
S ] — moy =1 MeV
(1] S A -
. \\,‘,__ ’ ’ ' 'i R ~— Mpy = 100 keV
Very light DM ¢ N, U
. ; ’ v ’ ‘-‘J—‘-J ’ ’ — Moy = 10 keV
Displaced signatures L R R R T N
' Y U ’ P U Moy = 1 keV
’ " " " ’ 7 " J
0.10} 'l".’__/.--" , , 'l 'l k
! ' Y R ’
r ' ' ’ l : U
0.0 | AN Y A
Joo 300 400 500 600 700 800
m g, (GeV)
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0.001| | | | | 3

me
*Abundance grows up to ' ~ 5

* Then diluted by inflaton up to Tre

\kDilution scales approximately as

YXNT5 for %>T>Tr6

0.001 0100 10 1000 \_ Y,
X=m/T

Low reheating temperature reduces DM abundance
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Ma T reheatlng @ C YPE“‘N

We le Dark Matter mass and impose correct DM rellc abundance
mmsm> Reheating temperature is predicted

* Fix Dark Matter mass at the lowest allowed value

Qh =0.12, mDM = 1@
1000 e — S ——

e
N
100 N
\ \\\\\ - Trq = 104 GeV
\\\ 3
g 19 AN — T. =10%GeV
\(-)/ [ \\\\ - 7" . A{\m Ge\/
A - N
- \ A — T, =50 GeV
i LT — T, =20 GeV
0.10} RN N — Tin =10 GeV
! ’l
4
'¢
({0 LT WEFEFEFE. A NI S SIS L S
%QD’ 300 400 500 600 700 800
I me (GeV)

wl»> , Contours of Maximal T reheating compatible with DM hypothesis

1! Indirect LHC probe of T reheating !!!
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Present and future plans

Calibbi, D'Eramo, Junius, Lopez Honorez, AM\1
* Bottom-up approach for FIMP simplified models and LHC signatures

*Include higher dimensional operators study

Asm | Spin X | Spin B Interaction
0 1/2 Ysm¥B ¢
B — XASM Ysm 1/2 0 ﬁ_MX‘I’B
Classify cases in 1 PpsmIMx Vg
base of spin and Fo 0 1 - Vg Fuwé
gauge quantum 1/2 1/2 Ysmo X FH
numbers 0 0 ®LH ¢
H 1 Vg(%Hc‘?#qb - chﬁDMH)
1/2 1/2 Upy H

Provide connection between LLP signatures and DM cosmology

\. Y,

Some related works: Calibbi, Lopez-Honorez, Lowette, AM '18  sncs Singlet-Doublet model with light DM

Bélanger, et al '18 =y Simplified models assuming instantaneous reheating
No, Tunney, Zaldivar '19 =% Future detectors for Singlet-Doublet model

Rychkov Strumia '07, ... Garcia, Mambrini, Olive, Peloso '17 .... “"Wé Gravitino DM, High Dim.
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Conclusions

/ * Explore alternative DM scenarios!
* FIMP links DM to long-lived/displaced signatures @ LHC |

\, XInterplay with cosmology and reheating temperature

... lake home messages ...

*xLHC can probe Feebly interacting DM!
* FIMP motivates further exotic LHC searches

* Rich phenomenology in DM production at early times

\ *Windows on DM cosmological history at the LHC
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