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Evidence for dark matter (DM)

M. Cermefio Astrophysical (rotation curves, gravitational lenses, cluster dynamics)
and cosmological (CMB analysis, structure formation simulations) ob-
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DM and its servations
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After Planck

) 20
Radius (kpc)

= DM density is inferred from data
by the Planck Collaboration Dark Mater
Qepyh® = 0.120 + 0.001,
Q,,h* = 0.1430 + 0.0011

Planck Collaboration A&A, 641 (2020) A6 Dark Energy
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DM distribution in the Galaxy

Sermefio Well-motivated DM density profiles in our galaxy by the study of rotation

curves and N-body simulations
Evidence for
DM and its Einasto, Trudy Inst. Astrofiz. Aima-Ata 5 (1965) 87, NFW, ApJ 462 (1996) 563, Navarro et al., MNRAS 402
detection (2010) 21, Ludlow, Angulo MNRAS 465 (2017) L84
. o2 o 10 T T T
r Is — Einasto o = 0.17

— Isothermal
— NFWc (y =1.3)

et

PEin(r) = ps exp {* P

Profiles Einasto| NF'W
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The Fermi-LAT Collaboration PRD 91 (2015) 122002
= The local DM density p, o = 0.385+0.027 GeV/cm? at r,, = 8.5 kpc from
the Galactic Center (GC)
Catena and Ullio JCAPO8 (2010) 004
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Indirect DM detection

M. Cermefio

Evidence for
DM and its
detection

Image by GAO Linging and LIN Sujie
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Indirect detection: Photon searches

TERTEE The differential flux from DM self-annihilation in a solid angle AQ
Evidence for |

DM and its

detection
dCD (O'V) dN
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E,,AQ) = 2 (Ey) dQ ds p~(r(s, 6))
dE dE, 1
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9 Figure from Tatischeff et al. arXiv:1805.06435
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M. Cermefio

Circular
polarisation of
photons from
BSM
interactions

M. Cermefio

Circular polarised photons from BSM interactions

= DM can generate circular polarised signals in X-rays or gamma-rays
through decays and interactions with SM particles
Kumar et al., PRD 94 (2016) 015022, Elagin et al., PRD 96 (2017) 096008, Bonivento et al., PLB 765 (2017)
127, Boehm et al., JCAP 05 (2017) 043, Huang, Ng, and Yuan, PLB 800 (2020) 135104

= A net circular polarisation signal is generated when there is an excess
of one photon polarisation state over the other

= Parity must be violated in at least
one of the dominant photon emission

processes
A+ A, )
b Pyt
A, = Z |E£Mu|2
spins Y+ Y-
1
€ik) = E(Wf(k) ~ i€y (k)) E(? i%

Boehm et al., JCAP 05 (2017) 043

= There must be an asymmetry in the number density of one of the parti-
cles in the initial state or CP must be violated
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Circular polarised photon flux from the GC

M. Cermefio The flux of circularly polarised photons from e¢”y — ¢ ¥ y. at a distance r,
|

dq)ex[ml _
T dE,

do,
dE,

d¢

—(E.. E,) - (EeaE )

= JAQ) = 5 [, dQ [, ds p(r(s,0)) f(1(5,6))
Circular

polarised (r-re)
ST f(r)=¢ " the spatial distribution of CR electrons, ry = 4 kpc

;:ﬁf\fmk) Strong et al., AKA, 422 (2004) L47
p(r(s, 0)) the DM density profile

] d—¢ the CR electron energy spectrum in units of GeV~! cm™2 s7! sr™!

d‘T* (EE,E ) the differential cross section for e — e ¥ y., with E, the

|ncom|ng electron energy, m; the DM mass and E, the photon energy.
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Circular
polarised
signals from
the GC
(this work)

The model

|
— A7 + + >
Loy = ipy(D — mp)y + Dy’ D' — mygp' ¢ + (ar 8r Yy ¢ + ).
Bringmann et al., JCAP 07 (2012) 054, Garny et al., JCAP 12 (2013) 640, Kopp, Michaels, Smirnov, JCAP 04 (2014)
022, Okada, Toma, PLB 750 (2015) 266, Garny, Ibarra, Vogl, Int.J.Mod.Phys.D 24 (2015) 07, 1530019

X Majorana fermion, ¢ charged scalar mediator, ex right-handed electrons
= my 2 Ny

= AM = m, —my < m, = resonantly enhanced 2 to 3 radiative processes
provide a peak in the spectrum



Circular
polarised
signals from
the GC
(this work)

CR electron energy spectrum

— LS AMS-02 (2014)
o| TOA 4 time-averaged AMS-02 (2018)
1o secondary 4+ Voyager1
The local interestellar spectrum (LIS) L P
A:f 107
E;'? for E,<0.05GeV, %
E;?> for 0.05GeV<E, <4GeV,
5. 100
E;3 for E, >4 GeV. -
1”11‘1* 1072 10*" /u)” 107 107 10
E(GeV)
Injected spectrum
E -2.13
A0 ke (&%) for E, < 0.109 GeV
= - -2.57
dE keinj (L)
e 75305 o005y for E, > 0.109 GeV

with ki = 6.98 107 GeV~! cm™2 s7! s,
Vittino et al., PRD 100 (2019) 043007
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Results: Photon flux and circular polarisation

Ls E;'? for E,<0.05GeV Injected  E;213 for E, <0.109 GeV
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Results: Photon flux and circular polarisation
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Results: Photon flux and circular polarisation

= Energy spectrum 42 =

dE; ~

—— AM=1GeV — tot
—— AM =0.1GeV -
—— AM=0.01GeV  =—- -

mg=500GeV

1

Circular
polarised
signals from
the GC
(this work)

= 10 102 107 10° 3 = 10 102 107 10° 10!

Ey [GeV] E, [GeV]
= The electron energy spectrum has a relevant impact on the final results

= Higher circular polarised fluxes could be obtain close to cosmic accele-
rators (AGNs, pulsars, SNRs...) = Work in progress
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Circular
polarised
signals from
the GC
(this work)

Prospects of detection

Standard circular polarisation:
synchrotron emission and cur-
vature radiation

Gamma-rays from the GC:
ICS, bremsstrahlung and
inelastic collisions of high
energy CRs with the ambient
medium

No important circular pola-
risation fraction expected in
gamma-rays

E2d®.,/(dE dS2) [GeV em™2 s s

==== Brems.

103 —— 7

10-10

E, [MeV]

Adapted from
Bartels, Gaggero, Weniger, JCAP05 (2017) 001

Mgl 3o p29% 1075 MeV em™2 57! sr!, At ~ 108 s (e-ASTROGAM)

Noack Y dEy

Detectable fluxes for m, ~ 5 GeV, but m, ~ m, > Mz/2 = 45 GeV

M. Cermeiio (CP3 U

Exploit the polarisation fractions to increase the sensitivity to the signal
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Conclusions

Conclusions

We have calculated for the first time the flux of circular polarised photons
coming from the GC due to a P violating interaction between DM and CR
electrons

= Our fluxes can reach a circular polarisation asymmetry of 90 %

= The signal obtained is not detectable unless a new technique which ex-
ploits the circular polarisation fraction is used or UV assumptions are ma-
de concerning a full gauge invariant theory to evade m, < 45 GeV

= Both the fraction of circular polarisation and the flux of photons are highly
dependent on the mass splitting and the electron energy spectrum

= A different P violating model or source could increase the intensity of the
flux allowing e-ASTROGAM to detect these signals and encouraging to
exploit the polarisation fraction as a characterisation feature
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Backup slides

Conclusions
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Relic density

= Assuming a thermal production of DM
M. Cermefio

Cermen 7A7M 72A7M
s OVep = O0Vigp T 0V T +0vVge T,

Qh ~
X T Ve

a4R alzagz o . .
TVer ~ s OV ~ 7 TV ~ where g is a gauge coupling

= For each point (m;, AM) = ax that yields Q,/4? = 0.120 + 0.001

Conclusions 50

ar

107
my[GeV]
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Indirect detection constraints

Xt — e*e velocity suppressed

= ¥t —»ee'yand gy — vy
relevant channels ™ v,

NNy

= yellow and blue lines are the
upper limits from Fermi-LAT and
HESS
Ackermann et al., PRD 727 D 91 (2015) 122002,
Abdallah et al., PRL 731120 (2018) 201101

CIETEE = Form, > 200 GeV cases with
AM < 107" GeV overlap with the

rest of the solutions - s . Haoe
my [GeV]

<ov>j+2<0v>,[cm¥s]
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Collider constraints

= ¢ can be pair produced through EW
interactions

= Contraints from ¢ — ye~, unless AM
is too small

= LHC excludes only m, < 100 GeV for
AM ~ few GeV

= LEP constraints evaded 7 < 1.03
= Constraints from  mono-photon
events at LEP less stringent than the

ones from Fermi LAT and HESS
Kopp, Michaels, Smirnov, JCAP 04 (2014) 022

Conclusions

= Strongest constraint = Z width,
my, > Mz/2 =45 GeV

M. Cermeiio (CP3 U

M, (GeVic?)

%

LEP2 SUSY Working Group (2004)

-+ Expected lmit (1)
Observed limit ()
-+ Expected i (ix)

Expected limit (&)
—  Opserved imit (2)
Expecied limit (&)
Observed limit (&)
} LEP i excluded
[ LEP &g excluded

ATLAS

0 s0 a0 280 @00
m(l/r) [GeV]
Aad et al., PRD 101 (2020) 052005

S
s = 183-208 GeV o

(45200 GeV, tanf1 5)

Excluded at 95% CL I
50 60 70 80

90 100,
M, (GeV/c)




Direct detection constraints

Log = AVy"Y Y30 Fpuy
A the anapole form factor

= Upper bounds by XENON1T (solid)
and the projected LZ (dashed)
Aprile et al., PRL 121 (2018) 111302,
Mount et al., arXiv:1703.09144

7)12
Points with m—§ < 1.001 not shown,

Conclusions perturbative aprroach used to obtain
A is not valid, need for the next term
in the expansion

Kopp, Michaels, Smirnov, JCAP 04 (2014) 022,

Baker, Thamm, JHEP 10 (2018) 187

AlGev2]

102
my[GeV]
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Anapole form factor

M. Cermefio

Our Majorana DM particle can interact via one loop anapole moment
Leff = ﬂ&)?’yﬂ'ysl//)?avFuw

The anapole form factor for |¢?| < m?

_ Vie > _ >
eafe 10+ 12 log( -3 +9r) log(r 1)- (3 -9r") log r?

3m2m? 92— 1)

X

Kopp, Michaels, Smirnov, JCAP 04 (2014) 022, Baker, Thamm, JHEP 10 (2018) 187

Conclusions VI¢?| = V2E,mr the transferred momentum, where E, ~ —va is the
rec0|l energy and mr the mass of the target of the experiment

= r=2¢ forr? < 1.001 the perturbation theory is not valid anymore, need
of the next term in the expansion
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Resonances of the process

M. Cermefio

Py = (mX,6) De = (Ee,ﬁe) the incoming DM and electron four-momenta,

/—U

p; = (E},.p)), p, = (E,, p;) the outgoing ones

= Two resonances

m: — m?
s:(pg+p);)2:mi:>ER1:#zAM

Conclusions -
X

mf, - mf( +2myE,
2(my — E,(1 — cos6,))

with 6, the angle between the emitted photon and the incoming CR electron

§ = QL+ = E =

M. Cermefio (CP3 UCLouvain)



Resonances of the process

M. Cermefio

When the minimum electron energy
E

Y
Emin = E—
1 - -Lcos 0,
my

is higher than Eg,,

2 2
m)z(m¢ - m)?)

> 53 2
2m; + (m2 — m2)(1 - cos 6,)

the first resonance cannot happen anymore.

) 2 —m?
Conclusions my (mig—mz)

The drop-off between E, | =

(mz—mg)
andE,, = —=+

2m3, 2my

ForAM < my, ~my = E,; ~E,, ~ AM.

Beyond this energy, only the second resonance contributes to the flux.
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Conclusions

The Narrow Width Approximation

Lot ~ rxp—n”,% = oo

2
. hoc(fn—f‘f) < 1= NWA

me

My =50 GeV, AM =1 Gev.

E2d®/dE, [MeV cm~2 571 sr71]

— Umy=001% o [imy=1% == NWA
fimy=01%  —— [im,=5% == mg5.aMC

i
E, [GeV]
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= We are interested in cases with AM < m,
= the total width of the mediator is

2 _ 22 )
1, (mg—mp)* ia2 (AM)
3 ~ R
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The Narrow Width Approximation

M. Cermefio

dd,. . - dd,; d .
e s [ 90T g

dE, ~ T dE, “dE, dE,

d(De" oy + oy +
e =f d¢ dal,dEe+f d dose
dE, dE, dE, dE, dE,

the differential cross section for the first diagram

do .
Conclusions dEy

17) D 1
= o-._pyw(Eg)%(Ey)ﬁ
y 0l

the differential cross section for the other two

d&Zi do—e’ Y=oyt T —e" ¥
- X2y (Ee , Ey) [ X
dE, dE, Lot

With Tior = Tpseg + Do gyt
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Impact of the first resonance on the asymmetry
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Impact of the second resonance on the

asymmetry

e v e e v
M. Cermefio
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Conclusions
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CR electron energy spectrum

~armarn . Injected spectrum
M. Cermefo The local interestellar spectrum (LIS)

£, \-213
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Conclusions
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CR electron energy spectrum

M. Cermefio

Conclusions
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Results: Photon flux and circular polarisation

M. Cermefio Left: LIS
Right: injected
spectrum
Einasto profile,

w07
JEin ’

E2d0/dE, [MeV cm™2 571 sr71]
E2d0/dE, [MeV cm™2 571 sr1]

Thermal relic DM,
rescale flux by a%
my = 50 GeV
underabundant

Conclusions

Dirac DM, rescale
flux by —£X

PxtPx
my > 45 GeV cannot
be easily evaded
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Scattering vs annihilation

The annihilation rate

BN I ]
e Ar2m2 ' m
The CR scattering rate
d¢  aze’  d¢
ey TeyLe ~
dex YTCdE,  4Amm? “dE,
‘ The ratio i

Conclusions % N lo—éa—z EeE ( mg )
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Sensitivity e-ASTROGAM

€=0.013, Aeg = 50 - 560 cm?, E, = 0.3 — 10MeV
€=0.3,Aerr = 215 - 1810 cm?, E, = 10 — 3000 MeV
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Sensitivity Fermi-LAT

€~0.1, Aeg ~ 10* cm?, E, ~ 1GeV
M. Cermefio dDey
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