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Francesco D’Eramo

Standard Model
Gravity

Dark Universe

WHAT: Particle physics identity of the Dark Universe

HOW: Developing new theoretical tools to describe their 
microscopic properties and predict the experimental signals

WHY: The Dark Universe accounts for 95% of the total 
energy budget, unveiling its composition is one of the most 
urgent open questions in physics of the fundamental interactions
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The Universe is a laboratory for particle physics where 
we can probe energy scales and densities not accessible 

via terrestrial experiments  



Francesco D’Eramo
The Universe is a laboratory for particle physics where 
we can probe energy scales and densities not accessible 

via terrestrial experiments  

Novel and testable 
mechanisms for dark matter 

production in the early 
universe

Production of dark radiation in 
the early universe and its 

signatures in the CMB
(e.g., QCD axions)

Particle Dark 
Matter Imprints 
on Cosmological 
Structures

Dark Matter 
Searches Today



Francesco D’Eramo
Some Recent Work

Some Recent Students
Federico Pavone (exp. 2024, after Ph.D. at Stanford)

Federico Cima (2022, after Ph.D. at Caltech)

Alessandro Lenoci (2020, after Ph.D. at DESY)

Emanuele Copello (2019, after Ph.D. at TUM)

Giovanni Pierobon (2019, after Ph.D. at New South Wales)

Alessandro Granelli (2018, after Ph.D. at SISSA)



Antonio	Masiero

• AstroParticle Physics	à in	particular,	DM	candidates,	cosmic	matter-antimatter	
aymmetry,	neutrino	masses	and	neutrino	cosmology

• Connections	between	the	above	astroparticle topics	and		BSM	physics	in																					
HIGH-ENERGY	collider	physics &	LOW-ENERGY		(high)	precision	physics

• Low-energy	physics:	the	HIGH-INTENSITY	frontier		(Flavor physics,	Lepton	Flavor
violation	(ex.	μà e	+	!),	Lepton	Flavor universality,	etc.)	&	Low-energy	high	
precision	physics			Electric	and	Magnetic	Dipole	moments,	ex.	the	muon	
magnetic	moment	

• From	possible	(tiny)	discrepancies	between	SM	expectations	and	observations	
à theoretical	BSM	physics	models	with	NEW	particles/interactions	à their	
role	in	the	above	astroparticle puzzles





NEW	PHYSICS	for	the	muon	g-2:	at	which	scale?

On	the	other	hand,		HE	experiments	(LEP,	Tevatron,	LHC)	have	NOT	provided	any	clue	for	the	presence
of	new	(charged)	particles	at	the	ELW.	scale		

P.	Paradisi,	La	Thuile 2021

The	case	of	AXION-LIKE	PARTICLES	(ALPs)
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Burts of GW production

• Expect gauge field amplification and related

phenomenology enhanced at scales O(H) when

�̇ is maximum ! Recurrent peaks in power spectra

• GW easier than �⇢. Might have correlated peaks in same or across

di↵erent GW experiments:

Pulsar Timing Arrays, Astrometry, Interfrometers

• Usual analytic approximations invalid as ⇠ varies too quickly as individual

modes are being produced. Numerical code, with � (t) and 400 gauge

modes A (t, ki), covering the dynamical range of 60 e-folds of inflation

Garcia-Bellido, Papageorgiou, MP, Sorbo ’23



Marco Peloso: GW

Figure 4: Contour lines at 1�, 2� and 3� levels of the posterior distribution of (5.15).
The red regions, with thick lines, correspond to the forecast posterior distribution of a mea-
surement performed by the LISA constellation alone. The blue regions, with dashed lines,
represent the forecast obtained using a network made of LISA and Taiji, without includ-
ing self-correlations within each constellation. This second analysis provides a less precise
determination of the model parameters, but it is not biased by imperfect knowledge of the
instrumental noise. For comparison, a frequency-only analysis for the LISA-Taiji network
leads to the contour levels displayed with dotted lines. For LISA-self, the frequency-only
analysis produces contours superimposed to the solid ones. A time of observation of T = 10
yr and fiducial value of ⌦̂G = 2 ⇥ 10�11, ⌦̂B = 3.78 ⇥ 10�13 are assumed, as expected from
[38] and [40] (as discussed in the text).

6 Conclusions

In the present work, we applied the formalism developed in [1] and [2] to produce forecasts on
the measurement of a stochastic GW background with two possible configurations of space-
based detectors. We considered two possible analyses, under the assumption of a stationary
SGWB in its reference frame, for both a network made of the three LISA satellites and a
second network where LISA and Taiji can operate jointly. In the first analysis, we produced
a fiducial model of the distribution of the GW galactic signal and we took advantage of
their anisotropic distribution in the reference frame of the Earth to forecast at which level
of accuracy the sky maps of these sources can be obtained. We realized that, because of

– 15 –
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XJUI B NFBO JOUFS�4�$ TFQBSBUJPO EJTUBODF PG ��� NJM�
MJPO LN� " SFGFSFODF PSCJU IBT CFFO QSPEVDFE
 PQUJ�
NJTFE UPNJOJNJTF UIF LFZ WBSJBCMF QBSBNFUFST PG JOUFS�
4�$ CSFBUIJOH BOHMFT 	ĘVDUVBUJPOT PG WFSUFY BOHMFT
 BOE
UIF SBOHF SBUF PG UIF 4�$
 BT CPUI PG UIFTF ESJWF UIF DPN�
QMFYJUZ PG UIF QBZMPBE EFTJHO
 XIJMF BU UIF TBNF UJNF FO�
TVSJOH UIF SBOHF UP UIF DPOTUFMMBUJPO JT TVďDJFOUMZ DMPTF
GPS DPNNVOJDBUJPO QVSQPTFT�

Earth

Sun
1 AU (150 million km)

19 – 23°
60°

2.5 million km

1 AU
Sun

'JHVSF �� %FQJDUJPO PG UIF -*4" 0SCJU�

ćF PSCJUBM DPOĕHVSBUJPO JT EFQJDUFE JO 'JHVSF �� ćFTF
PSCJUT XJMM MFBE UP CSFBUIJOH BOHMFT PG ±� EFH BOE
%PQQMFS TIJęT CFUXFFO UIF 4�$ PG XJUIJO ±�.)[�
ćF MBVODI BOE USBOTGFS BSF PQUJNJ[FE GPS B EFEJDBUFE
"SJBOF ��� MBVODI
 BOE DBSSZ UIF GPMMPXJOH CBTJD GFB�
UVSFT�
t UPUBM USBOTGFS UJNF PG BCPVU ��� EBZT�
t EJSFDU FTDBQF MBVODI XJUI V∞ = 260N�T�
t UISFF TFUT PGNBOPFVWSFT GPS ĕOBM USBOTGFS PSCJU JOKFD�
UJPO QFSGPSNFE CZ UIF QSPQVMTJPO BOE 4�$ DPNQPTJUF
NPEVMFT� 4FF 4FDUJPO ����� GPS EFUBJMT�

��� -BVODIFS

ćF SFDPNNFOEFE PQUJPO GPS -*4" JT UP VTF POF PG
UIF "SJBOF � GBNJMZ PG MBVODI WFIJDMFT
 XJUI B EFE�
JDBUFE "SJBOF ��� MBVODI CFJOH UIF QSFGFSSFE PQUJPO�
8JUI B MBVODI DBQBDJUZ EJSFDUMZ JOUP BO FTDBQF USBKFD�
UPSZ PG �
��� LH
 UIF "SJBOF ��� JT WFSZ XFMM TVJUFE UP
UIF -*4" MBVODI SFRVJSFNFOUT BOE UIF SFGFSFODF PSCJU
EFTDSJCFE JO 4FDUJPO ��� JT CBTFE PO UIF DBQBCJMJUJFT PG
UIJT MBVODIFS� ćF DBQBDJUZ PG "SJBOF ��� JT MJNJUFE
 BOE
JU JT FYUSFNFMZ MJLFMZ UIBU BOZ NJTTJPO TJ[FE UP ĕU XJUIJO
JU XPVME CF TJHOJĕDBOUMZ DPNQSPNJTFE JO UFSNT PG DB�
QBCJMJUZ� 4JNJMBSMZ
 JU JT MJLFMZ UIBU UIF DPOTUSBJOUT BOE
DPNQMFYJUZ PG B MBVODI UP (FPTUBUJPOBSZ 5SBOTGFS 0S�
CJU
 DPNCJOFE XJUI UIF OFFE UP ĕOE B TVJUBCMF QBSUOFS

NBLF B TIBSFE "SJBOF ��� MBVODI VOBUUSBDUJWF�

��� $PODFQU PG 0QFSBUJPOT

&BDI 4�$ JT FRVJQQFE XJUI JUT PXO QSPQVMTJPO NPEVMF
UP SFBDI UIF EFTJSFE PSCJU� %VSJOH UIJT DSVJTF QIBTF

DIFDLPVU BOE UFTUJOH PG TPNF FRVJQNFOU DPVME BMSFBEZ
CFHJO� 0ODF UIF 4�$ IBWF CFFO JOTFSUFE JOUP UIFJS DPS�
SFDU PSCJUT BOE UIF QSPQVMTJPO NPEVMFT KFUUJTPOFE
 UIF
UISFF 4�$ NVTU CF QSFQBSFE UP GPSN B TJOHMF XPSL�
JOH PCTFSWBUPSZ CFGPSF TDJFODF PQFSBUJPOT DBO CF FT�
UBCMJTIFE� ćJT JODMVEFT UIF SFMFBTF PG UIF UFTU NBTTFT
BOE FOHBHJOH UIF %SBH�'SFF "UUJUVEF $POUSPM 4ZTUFN
	%'"$4
� ćJT QSPDFTT
 DPOTUFMMBUJPO BDRVJTJUJPO BOE
DBMJCSBUJPO
 JT EFTDSJCFE JO 4FDUJPO ������ 'PMMPXJOH
BDRVJTJUJPO BOE DBMJCSBUJPO
 -*4" XPVME FOUFS UIF QSJ�
NBSZ TDJFODF NPEF� "U UIJT UJNF
 BMM UFTU NBTTFT JOTJEF
UIF UISFF 4�$ XJMM CF JO GSFF GBMM BMPOH UIF MJOFT PG TJHIU
CFUXFFO UIF 4�$� $BQBDJUJWF TFOTPST TVSSPVOEJOH FBDI
UFTU NBTT XJMM NPOJUPS UIFJS QPTJUJPO BOE PSJFOUBUJPO
XJUI SFTQFDU UP UIF 4�$� %'"$4 XJMM VTF NJDSP�/FXUPO
UISVTUFST UP TUFFS UIF 4�$ UP GPMMPX UIF UFTUNBTTFT BMPOH
UIF UISFF USBOTMBUJPOBM EFHSFFT�PG�GSFFEPN
 VTJOH JO�
UFSGFSPNFUSJD SFBEPVU XIFSF BWBJMBCMF
 BOE DBQBDJUJWF
TFOTJOH GPS UIF SFNBJOJOH EFHSFFT�PG�GSFFEPN� &MFD�
USPTUBUJD BDUVBUPST BSF VTFE UP BQQMZ UIF SFRVJSFE GPSDFT
BOE UPSRVFT JO BMM PUIFS EFHSFFT PG GSFFEPN UP UIF UFTU
NBTTFT� -BTFS JOUFSGFSPNFUSZ JT VTFE UP NPOJUPS UIF
EJTUBODF DIBOHFT CFUXFFO UIF UFTU NBTTFT BOE UIF PQ�
UJDBM CFODI 	0#
 JOTJEF FBDI 4�$� ćFTF UFDIOPMPHJFT
IBWF CFFO EFNPOTUSBUFE CZ UIF -*4" 1BUIĕOEFS NJT�
TJPO�
ćF MPOH�CBTFMJOF MBTFS JOUFSGFSPNFUFS PS TDJFODF JO�
UFSGFSPNFUFS JT VTFE UP NFBTVSF DIBOHFT JO UIF EJT�
UBODF CFUXFFO UIF PQUJDBM CFODIFT XIJMF B UIJSE JO�
UFSGFSPNFUFS TJHOBM NPOJUPST UIF EJČFSFOUJBM MBTFS GSF�
RVFODZ OPJTF CFUXFFO UIF UXP MPDBM MBTFS TZTUFNT� "MM
JOUFSGFSPNFUFS TJHOBMT BSF DPNCJOFE PO HSPVOE UP EF�
UFSNJOF UIF EJČFSFOUJBM EJTUBODF DIBOHFT CFUXFFO UXP
QBJST PG XJEFMZ TFQBSBUFE UFTU NBTTFT� 4DJFODF .PEF
XPVME GFBUVSF OFBS�DPOUJOVPVT PQFSBUJPO PG UIF TZTUFN
BU UIF EFTJHO TFOTJUJWJUZ� ćF TZTUFN EFTJHO TIPVME CF
TVDI UIBU
 JO TDJFODF NPEF
 FYUFSOBM QFSUVSCBUJPOT UP
UIF TZTUFN BSFNJOJNJTFE BOE JO QBSUJDVMBS UIF CBTFMJOF
EFTJHO EPFT OPU SFRVJSF TUBUJPO LFFQJOH PS PSCJU DPS�
SFDUJPO NBOPFVWSFT� *O MJOF XJUI UIF TDJFODF SFRVJSF�
NFOUT PO EBUB MBUFODZ
 DPNNVOJDBUJPOT XPVME PDDVS
PODF QFS EBZ GPS B EVSBUJPO PG BQQSPYJNBUFMZ � IPVST�
ćFSF BSF UXP QSJODJQBM FWFOUT XIJDI XJMM DBVTF TPNF
EJTSVQUJPO UP UIF TDJFODF NPEF PG PQFSBUJPOT� UIFTF
BSF SF�QPJOUJOH PG UIF BOUFOOBT BOE SF�DPOĕHVSBUJPO
PG UIF MBTFS MPDLJOH UP NBJOUBJO UIF CFBU OPUFT XJUIJO
UIF QIBTFNFUFS CBOEXJEUI
 UIFTF BSF DPWFSFE JO NPSF
EFUBJM JO 4FDUJPOT ��� BOE ��� SFTQFDUJWFMZ� *O BEEJUJPO
UP UIF NBJO TDJFODF NPEF
 B TQFDJBM QSPUFDUFE QFSJPE

-*4" o �� .*44*0/ 130'*-& 1BHF ��
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D’Eramo - DM - axions - ….

• Nature of dark matter 

• Neutrino masses 

• Matter-antimatter asymmetry 

• Many others (inflation, nature of dark energy, Hubble tension, …)gμ − 2

Known unknowns ?
Edoardo Vitagliano

Think outside of the box
• Answer more than one question 
• Connect the smallest and the largest 

scales 
• Look for answers in different places 

(theory parameter space) and ways 

Feebly interacting particles Primordial black holes

!



Feebly interacting particles (FIPs—axion, majoron…)

Feebly interacting particles: difficult to detect because 
their coupling is small, no need for large energies

Edoardo Vitagliano

In collider physics: new physics is invisible because new 
particles are very heavy and you need large energies to 

produce them

Specialty of the house:

BEFORE NOW



Astrophysics as a laboratory for particle physics

…we can find answers!

Known unknowns…

Edoardo Vitagliano

Inventing new detectors Topological defects and gravitational waves

Looking for astronomical signals

…combining astrophysics, particle physics, cosmology, 
condensed matter…
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