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Matter Domination

Matter dominates over Radiation at late times, e.g. Dark Matter toclag
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Matter Domination

Matter dominates over Radiation at late times, e.g. Dark Matter toclag

PN

Matter: m > T Pradiation X @
Radiation: m <« T \

d  size of universe
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If Matter at thermal cquilibrium -> <& Praa & T°




Earlg Matter Domination

Add to SM Par‘cic‘e (s) that satismcg conditions:

D 7 <sec

We know Universe is radiation dominated for T > MeV

so Matter should decag before

2.) Td@C Z m

Matter should therma”g clecouple early

, 4
otherwise K Pragx T



Cosmologg of Earlg Matter Domination
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Cosmologg of E:arlg Matter Domination

1
X decoupling A X =DM,GW,...

Matter dominates
energy density N

Matter decays N

(before BBN) \

adec

1/dilution factor
a Scherrer Turner 1985

Sbefore
Qyp — Qy

The same amount of relic X is later more diluted Safter
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Whg Earlg Matter Domination?

Whg not? After all, matter dominates after CMB..

Some theories Prcclict it

Moduli in SUSY Barks Kaplan Nelson hep-ph/9308292, ...

Lightest coml:)osité state of new confi ning theorg

Contino+ 1811.06975,...

Some theories need it to dilute dangerous relics

ToPologica defects

Overabundant Heavy DM Moroi Randall hep-ph/9906527
Giudice Kolb Riotto hep-ph/0005123, ...
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E‘arlg Matter and DM Unitaritg Bound
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Earlg Matter and DM Unitaritg Bound

SST = ]_ : O-jvrelé

ovt

| thermal gv ™ "
S &
: %,
5 |diluted thermal ov f:@/

"M
~ 100 TeV
Y100 Tev T PM

FILIPPO SALA (LPTHE PARIS) GDR INTENSITY FRONTIER @ LPNHE



Concrete Examples

Dark Photon

1
g — Z gDFD,LlV - Cw ngB,UV

E.g. from heavy new particles wu
charged under both U(1)'s

Berlin+1602.08490
Cirelli+1612.07295

107

101 ¢

10718

10™

Disfavoured by BBN

10710}

10712 L

" Dilution

factor

N

100

300 -

5 102 107!

BSM Sca'ar Fundamental, or glueba”s of new comcining sector,...

Contino+ 1811.06975, ...
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How To Test”



E‘arly Matter Domination in the 5|<3

Cosmic Raﬂs >100 TeV from Heavy DM annihilation
Cirelli+1612.07295

| Telescopes

F. Sala + ANTARES in progress

Gravitational Waves [eatures in Primorclial spectrum from inﬂation, cosmic strings, ...
Gouttenoire+1912.03245, ...

| Matter FPower Spectrum | Structures start to co”apse carlier

—— Blanco+1906.00010
Erickcek+ 2106.09041

FILIPPO SALA (LPTHE PARIS) GDR INTENSITY FRONTIER @ LPNHE



Canwe test N the | ab?
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Early Matter = Long | ived Particles!

7> 0.1 sec

]> T < SeC 108?'""' \ S

¢ T [meters]

mass of long—lived particle [GeV]



Example Experiment: Mathusla

leptonic decay hadronic decay

Multi-layer tracker

Surface Floor detector

£ ’
3 . -
— ATLAS ’ P neutral LLP
w or CMS ¢ o”
_.a~ L 4
< - LHC beam pipe
L | L |
I 1 I 1
=100m ~100m

Figure from 1901.04040
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Can LLP searches test Dilution from .’iarlg Matter?

ctri+f

VA

MATHUSLA:
A Detector Proposal to Explore
the Lifetime Frontier at the HL-LHC

Input to the update process of the European Strategy for Particle Physics
18. December 2018

Henry Lubatti (Corresponding Author),-* Cristiano Alpigiani,' Juan Carlos Arteaga-Velazquez,>
Austin Ball,? Liron Barak,* James Beacham,’ Yan Benhammo,* Karen Salomé Caballero-Mora,®
Paolo Camarri,” Tingting Cao,* Roberto Cardarelli,” John Paul Chou,* David Curtin,” Albert

de Roeck,? Giuseppe Di Sciascio,” Miriam Diamond,” Marco Drewes,'” Sarah C. Eno,!
R anvan Fecia 12 Tarad Ruanc 13 Brar Btaian 4 Arturn Raméndar Téllar 14 Nlivar Ricnhar 15

\

13 Jan 2019

VLA

MATHUSLA:
A Detector Proposal to Explore
the Lifetime Frontier at the HL-LHC

Input to the update process of the European Strategy for Particle Physics
18. December 2018

Henry Lubatti (Corresponding Author),** Cristiano Alpigiani,' Juan Carlos Arteaga-Veldzquez,?
Austin Ball,® Liron Barak,* James Beacham,’ Yan Benhammo,* Karen Salomé Caballero-Mora,’
Paolo Camarri,” Tingting Cao,* Roberto Cardarelli,” John Paul Chou,® David Curtin,” Albert
de Roeck,? Giuseppe Di Sciascio,” Miriam Diamond,’ Marco Drewes,'? Sarah C. Eno,"!

13 Jan 2019

Similarlg for other LLP experiments. N
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Dark Photon Domination

Visibly Decaying A’
107*
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Dark Photon Domination: NO

Visibly Decaying A’
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How to Probe larger dilutions e colliders

Smart combination of collider Proclud:ion VS clecag

Obstacle to |Large coupling N Production:

Z) T > m Matter should therma”g &ecouple early
dec ~

, 4
otherwise &K Pragx T

13



How to Probe larger dilutions e colliders

Smart combination of collider Procluction VS clecag

Obstacle to |Large coupling N Procluction:

Z) T > m Matter should therma”g &ecouple earl9
dec ~

, 4
otherwise &K Pragx T

. J

Decouple at a Phase transition!
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A successtul example: (dark) Glueballs

Add to the SM SU(Np) gauge group with coupling gp = +\/4nap,

2
ap Yy

(6) _
L 3m M?

H'H trG,, G*

Glueball S = gluon bound state

14



A successtul example: (dark) Glueballs

Add to the SM SU(Np) gauge group with coupling gp = +\/4nap,

2
ap Yy

(6) _
L 3m M?

H'H trG,, G*

Glueball § = gluon bound state
]) T 5 SCC  Via large enough y

2_) Tdec Z m Decouple at cornqning Phase transition of SU(ND)

5) Production @ colliders via Higgs Aecags

14



A successiul example: (dark) Glueballs

“h..‘..‘ IR ‘ I ‘ ‘ CTTT ‘ T ‘ RN ‘ ro T
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A successiul example: (dark) Glueballs

DSM - Dilution of earlg relics (DM, GWs,...) * cannibalism still to be taken into account

BR[h-inv.}£24%
0.100 -
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i el |
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A successiul example: (dark) Glueballs

DSM - Dilution of earlg relics (DM, GWs,...) * cannibalism still to be taken into account
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To do/ outlook

-> Quanti?g lmPact of cannibalism of gluc—:ba”s

_> Glueballs from VBF

_> Production from SUSY cascades

FiLiIPPO SALA (LPTHE PARIS) GDR INTENSITY FRONTIER @ LPNHE
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Experimental Tests

Tiny portal with the SM + Heavy Direct Detection & Collider put no constraints

u" i

FILIPPO SALA (LPTHE PARIS) GDR INTENSITY FRONTIER @ LPNHE



Tests of Diluted Dark Matter

Cirelli+1811.03608
Blanco+1906.00010
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Early Matter dilutes Gravitational Waves

e.g. from cosmic strings Ta [GeV]
10° 10 10210210 1 10°'107%1073107*10°°
Gouttenoire+1912.03245 I lCE I I I | T T T
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Gravitational Waves from Cosmic Stri ngs

Gouttenoire+1912.03245

Spontaneous sgmmetrg breaking of U M in Earlg Uni.

FiLiIPPO SALA (LPTHE PARIS) GDR INTENSITY FRONTIER @ LPNHE



Gouttenoire+1912.03245

Gravitational Waves from Cosmic Stri ngs

Spontaneous sgmmetrg breaking of U M in Earlg Uni.
Evolution of the universe
—
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imple Scalar Domination
S P' Scalar D t

from Filimonova+ 1911.03490

Mixing with Higgs Boson

ms [GeV]

FIG. 2: Searches for dark scalars with displaced vertices.
Shown are 95% CL bounds from BT — KTS(— puji)
searches at LHCb [BI] (blue) and 90% CL bounds on
B(B — X.S)B(S — f) with f = u"u~ (yellow) and
ntn~ (orange) from an inclusive search by BaBar [52].
Regions of 3o significance at BELLE II are shown for
B = KS(— f)with f=n"7n", u"pu~ and 777~ (green).
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Simple Scalar Domination: a tiny bit

L1 L

Mixingwi’th Higgs Boson 10-3H

Lot el

Could work much

better with inelastic

L ipe i

k& i —————

Lo el

models, in progress

vl

~

I = I N W S S I S N
1 mass of lzng—lived 53alar [Gevja

ms [GeV]

PRELIMINARY, (& YGLY)

Shown are 95% CL bounds from BT — KT S(— pj)
searches at LHCb [I] (blue) and 90% CL bounds on
B(B — X.S)B(S — f) with f = u"u~ (yellow) and
ntn~ (orange) from an inclusive search by BaBar [52].
Regions of 30 significance at BELLE II are shown for

FILIPPO SALA (LPTHI E — KS(_>_f) with f = 7T+7T_,./-‘f+_lf_ anﬂd 7'-:"_ (green).
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A successtul example: (dark) Glueballs

Add to the SM SU(N,) gauge group with c:oupling gp = \/4nay,

2
£O = DY G, G (O[G G Sp) = By =
o 37T M2 224 H 0 47TOZD
3

) Dsu = [1 +0.14 (g5 (22— );l] 4

O gsm 1" Mp;
2 3
> < R _% 3 _ 3.06 y mgu

] T _— SCC Ff = Nf l6m ms(l m%) hS 1972 M2 m%b B m%

2,) T dec Z m Decoul:)]e at comqning Phase transition of SU (N D)

. , , , 2 4,2
5) Production @ colliders via Higes decays I'(h — ApAp) = (N? — 1)32173 %u”él m3
L — — 4 T '




