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Long-lived glueballs
test early matter domination
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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

4

If Matter at thermal cquilibrium -> <& Praa & T°




Earlg Matter Domination

Add to SM Particle(s) that satismcg conditions:
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Earlg Matter Domination

Add to SM Particle(s) that satismcg conditions:

M
]) —P1<<T<S€C

Z.) Tdecouple Z m

Sbefore
Qy — Qy

Safter

Dilution factor

Scherrer Turner 1985

d  size of universe



Whg Earlg Matter Domination?

HaPPens in standard cosmologg atter CMB. ..

Some theories Preclict it

Mocluli in SUJSY Banks Kaplan Nelson hep-ph/9308292, ...

Lightest coml:)osite state of new confi ning theorg

Contino+ 1811.06975,...

Some theories need it to dilute dangerous relics

ToPologica defects

Ovcrabunc ant Heavg DM Moroi Randall hep-ph/9906527
Giudice Kolb Riotto hep-ph/0005123,...



Concrete Examples

Disfavoured by BBN

_9 T T TTTTT T T TTT T T T T LELELA L |
Dark Photon 1077 Divation
. , [ factor
F=—Llpmp F*B 1070} [
o 4D Duv DT i / ;
w J ;
E.g. from heavy new particles w 1011} | /100 ~
charged under both U(1)'s - ]
10712}
Berlin+1602.08490
Cirelli+1612.07295
10—13 Ll Ll Lol Lol L L
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my, [GeV]

BSM scalar e.g. GlUCbB”S of new conﬁningsector,...
" ’ 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, ...
T T——— Gouttenoire+1912.03245, ...

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

—— Blanco+1906.00010
Erickcek+ 2106.09041
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Canwe test N the | ab?
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Early Matter = Long | ived Particles!
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Dark Photon Domination?

Disfavoured by BBN
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Collider Procluction VS non~equilibriur

? Colliders Procluction wants large couPlings. .

2

3
2_) Tdecouple Z m otherwise

..but ear|g matte domination wants small couplings

1



Collider Procluction VS non~equilibriur

’?. ? 5 CO“!CICFS PFOCJUCtIOﬂ wants large COUPllﬂgS. -

2

2_) Tdecouple Z m otherwise

..but earlg matte domination wants small couplings

. J

Decouple at a Phase transition!

1



A successtul example: (dark) Glueballs

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

2
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Glueball S = gluon bound state
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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 § = gluon bound state

M,
]) _Pl <K 7 S sec Translates into interval of viIM

2_) Tdecouple Z m Decouple at comqning Phase transition of SU(Np)

5) Production @ colliders via Higgs d6C895

10



A successtul example: (dark) Glueballs

Re~Parameterise as function of collider observables:

0.01

BR[h—ApA,]

- ~._M/y ~ f of Twin Higgs
IS -
Gop |
s My
d\: “0~ .
O(i: A «
Np=10, TRH=T
10* 10°

CT¢ [meters]

mg = Glueball mass

FILIPPO SALA (U. BOLOGNA)

OéDy

(6) _
= 3m M?

Z_H'H trG,,,G*
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A successiul example: (dark) Glueballs

Quirk searches could constrain region with BR > 0.0

\L
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ap y’
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A successiul example: (dark) Glueballs

DSM = Dilution of earlg relics (DM, GWs,...)
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A successiul example: (dark) Glueballs

DSM = Dilution of earlg relics (DM, GWs,...)

S I e
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Can we test in the Lab?

Bishara FS Schmidt-Hoberg 2401.12278

Yes!



To do/ outlook

> h/ Exp: dedicated searches for long-livecl dark showers

> Ph/Th/Cosmo: other collider Procluction?

LL glueballs from VBF/heavier Higgses in progress, with D’Eramo De Marchi Sassi

-> Ph / Th /Cosmo: ways without a Phase transition?
(e.g. SUSY cascade)s?

O

—
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Cosmologg of Earlg Matter Domination

1
X decoupling X = DM, GW, c o

S ——
(1l = scale factor
Adec
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X decoupling A X =DM,GW,...
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energy density
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Cosmologg of E:arlg Matter Domination

X decoupling T Sic X =DM, GW,...
N\
\
N\
Matter dominates N 1" a
energy density N
N\
AN
\
Matter decays N '[" decreases more slowly
N \ during matter decays

(before BBN)
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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

(Q _Px 5 protons
e T T meterd



Earlg Matter and DM Unitaritg Bound

SST N ]- : O-jvrelg )

ov?




Earlg Matter and DM Unitaritg Bound

SST = ]_ : O-jvrelé

ov !
Jthermal gv -
%,
@j}é(
P2
>
~ 100 TeV Mg
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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
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Experimental Tests

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

¥\ 1)
y ' "l 1
. flititta

U]
HIHDH,
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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 I T T I T T T T
CE
10° ET
~~_| [PECIGO[ LISA
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10 \\z
> ",
o A
= 107 "oy |
X BBN
>;< extrapolation
£ 107 BBN
10—11
Gu=10""
10—15
10°"7 107 10° 10> 10~ 103

Tx [s]
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Gravitational Waves from Cosmic Stri ngs

Gouttenoire+1912.03245

Spontaneous sgmmetrg breaking of U M in Earlg Uni.
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Gouttenoire+1912.03245

Gravitational Waves from Cosmic Stri ngs

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

Mixing with Higgs Boson

FILIPPO SALA (U. BOLOGNA)

from Filimonova+ 1911.03490

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

Mixing with Higgs Boson

1073 % i
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107

10° “GE

L1 L

Lot el
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k& i —————

Lo el

vl

~

I = I N W S S I S N

1

PRELIV

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 = p"u~ (yellow) and

FILIPPO SALA (U. BOLOGNA)

T

mass of lzng—lived 53alar [Gevja

ms [GeV]

7w~ (orange) from an inclusive search by BaBar [52].

Regions of 30 significance at BELLE II are shown for
B = KS(— f)with f=n"7n", u"pu~ and 777~ (green).
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Could work much
better with inelastic

models, in progress
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A successtul example: (dark) Glueballs

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

2
£© = LY i, GH (0ltrG,G*|Sp) = Fier = >0 mg
o 37T M2 224 H 0 47TO(D
3

> Dgnp >~ [1 +0.14 (ggf@l/g( = );l] 4

O gsm v I'Mp;
2 3
> < R _% 3 _ 3.06 y mgu

] T _— SCC 'y = Ny l6m mg(l m%) hS 1972 M2 m%b B m%

2,) T dec Z m Decouple at comqning Phase transition of SU (N D)

. , , , 2 4,2
5) Production @ colliders via Higes decays I'(h — ApAp) = (N? — 1)32173 yMZ m3




