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MeV gamma rays from light dark matter
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We can probe the masses of a light dark sectom
with MeV y rays |
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MeV gamma rays from light dark matter

y . yraylinesatE, = mx(l - m]%,/(4m)?))
LDM ™~ / 14 from yy — YN
~ keV - GeV \ 2

. y-ray boxes w/ width AE, ~ \/m)? —m?

- : from N radiative decays
We can probe the masses of a light dark sector

_ « Continuum emission from charged states:
with MeV y rays

sharp cutoff at E}, =m,
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MeV gamma rays from light dark matter

y . yraylinesatE, = mx(l - m]%,/(4m)?))
LDM\ / % from yy = yN
~ keV - GeV \ 2

. y-ray boxes w/ width AE, ~ \/m)? —m?
from N radiative decays

We can probe the masses of a light dark sector
with MeV y rays

Continuum emission from charged states:

sharp cutoff at E}, =m,

COSI: upcoming MeV y-ray telescope

-8 I . .
10  NASA Small Explorer satellite with a
scheduled launch in 2027
o ISG « Compton telescope observing y rays in the
- 10 P 0.2 - 5 MeV energy range
'g S * High-resolution Ge detectors: excellent
oo narrow-line sensitivity
W -12
: 10 _
.‘E Fermi/LAT
= Some proposed y-ray telescopes
r§ 1074 =
nev\ASTRUGAIVI
‘ ; CIOSIn TheMeVgap ‘
Chandra ||} | | [[[[ |
10-16 I Nlclear Line Region I GALACTIC COMPTON AND
10-3 10-2 10_1 100 101 102 103 104 “ CODED APERTURE WASK EXPLERER

Energy (MeV) (00 . AMEGO-X  GECCO  newASTROGAM  GRAMS
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A self-consistent vector-scalar portal for MeV y-ray signals
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A self-consistent vector-scalar portal for MeV y-ray signals
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A self-consistent vector-scalar portal for MeV y-ray signals
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A self-consistent vector-scalar portal for MeV y-ray signals

Ya 20 ] |
y-ray line
SUB3). xSUR2), x U(l)y x U(1 _
L Y (Dy % FW.F
Remnant Z, @)= = my,m,m, F+ 0 i
= stable DM l V2 S X h’ h"i: .
> ————— <. v  Y-ray box
SUG3), x SUQ), x U(D), % e
y
<(I)>():L = mZa mWa mfi # O X —
J V2 Z' W Sy y-ray
SU3),. x U(l),,, B continuum
X et
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A self-consistent vector-scalar portal for MeV y-ray signals

AN
’ y-ray line
SUB3).xSUR);, x U(1)y x U(1)y 7 FWE Y

VS
Remnant Z, (D), =$ = My, m,, n, =0

8
= stable DM woo N
“““ Y y y-ray box
~
Z' W Y y-ray
continuum
et

The same symmetry-breaking sector sets the DM mass and stability,
and can generate strong y-ray lines

Constraining light dark matter in vector-scalar portals with COSI and AMEGO-X
M. Dutra, C. Siqueira, T. Venters
arxXiv:2508.15891
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he role of axial Z’ couplings

Negligible y-ray line cross sections:

X B 70 X

el el

X i X

p-wave
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he role of axial Z’ couplings

Negligible y-ray line cross sections:

xwh’,wo x>_@,_ﬁi2’ X}-@lﬂfiv
X Y X Y X Y
p-wave
Axial Z' couplings to both DM and SM fermions: sizable s-wave line
X e gl
= — X — _
A)( = (X%L X%R)/Z * 0 ) { - Af = (XfL XfR)/2 * 0
X W L R f'}/
XL F XR
s-wave
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The role of axial Z’ couplings

Negligible y-ray line cross sections:

! 0 X Y
th’ﬂ- X}—}—Ll—“\/c;Z/ >—}—Ll—ﬂ::
X Y X Y X Y
Axial Z' couplings to both DM and SM fermions: sizable s-wave line
X e Y
- _ X — _
A)( = (X%L X%R)/2 * 0 ) i - Af = (XfL XfR)/2 * 0
X W JL 7-JR /y
XL 7 XR

We consider two benchmark models:
« U(1)g_; : vector couplings to SM fermions; anomaly-free w/ 3 RHNs; negligible lines far from A’ resonances

« U(1l), : low-energy axial benchmark; anomaly-free w/ heavy chiral fermions; sizable lines independent of
scalar mixing

Axial couplings enable sizable present-day yy — vy
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The role of the scalar portal

A;( # 0 forbids a gauge-invariant bare Dirac mass for y

« In the minimal completion, y acquires mass through a Yukawa coupling to the same singlet scalar
whose VEV generates m,,

m,~y, v, KLV
“ £ mh’N\//ISVS
My NX(DS gV, KV
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The role of the scalar portal

A% # 0 forbids a gauge-invariant bare Dirac mass for y

« In the minimal completion, y acquires mass through a Yukawa coupling to the same singlet scalar
whose VEV generates m,,

m,~y v <V
“ y)( ’ My, ~ \V /IS Vs
My ~ Xq,s gV, KV

ForA% # (0, amplitudes involving longitudinal Z’ bosons grow with energy
- Perturbative unitarity relates m, and m;

« Scalar exchange cancels the high-energy growth and restores perturbative unitarity, so m,, is related
to m, and m, = light scalar for sizable couplings relevant for y-ray phenomenology

X
X A
h/
g,
X X " 5 X L X Z T mZ
w @k — o m—p —ZZ = c:gxA, X @k >> 1y e— 11, < 202 A2
_ _ m T Cng V4 m)(

X X 4 X 4
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The role of the scalar portal

A){ # 0 forbids a gauge-invariant bare Dirac mass for y

« In the minimal completion, ¥ acquires mass through a Yukawa coupling to the same singlet scalar
whose VEV generates m,

m,~y v. <YV
X y)( S mh, ~Y \/A_S VS
mZ/ ~ X(I)s gX VS <V

ForA% # (0, amplitudes involving longitudinal Z’ bosons grow with energy

- Perturbative unitarity relates m, and m;

« Scalar exchange cancels the high-energy growth and restores perturbative unitarity, so m,, is related
to m, and m, = light scalar for sizable couplings relevant for y-ray phenomenology

X
X , Z'
o,

@k — — > —Cc.9-A X @ > My —— 1, <
_M_ co mm—p - N\/; £8x Ay g cgg)%A)% m,

X X X

A minimal renormalizable framework with sizable MeV y-ray lines
contains light dark sector particles y, Z’, and A’
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Gamma-ray spectroscopy of a light dark sector

4| — cos vy
10°Fr — AMEGO-X =
-- AE/E = 1% FWHM |
i 10° 1 =" '-
~ : hh
§ |
= 10t}
-
% % m, = 0.4 MeV
mpy = 0.3 MeV

10_3 T My = 3.0 MeV
gx — 1.0 x 10_3
Sq = 0.1

_5 . 1 1
1050 101 100
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Gamma-ray spectroscopy of a light dark sector

— COSI

103t — AMECOX g
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> h'h
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< 1071
%ng m, = 0.4 MeV
my = 0.3 MeV
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U102 1071 10°
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102 | —— AMEGO-X
-- AE/E =1% FWHM
/N __/_-/— -----------
7107t
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2fs e o
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Gamma-ray spectroscopy of a light dark sector

5| — cosi v —— COSI vy
10°F — AMEGO-X : - 102} — AMEGO-X f
-- AE/E = 1% FWHM -- AE/E = 1% FWHM
;\ 101 i J— ;\ 10_1 h/zl _____
| ' }/}/ |
> i Wh =
D)} I )}
\E—/ 10_1 \E_/ 10—4
. .
%E m, = 0.4 MeV % % m, = 4.0 MeV
-3 mpy = 0.3 MeV 7 mpy = 0.3 MeV €+€_
1072F my = 3.0 MeV 107 F my = 3.0 MeV
gx = 1.0 x 10_3 gx — 1.0 x 10_3
S = 0.1 . . S = 0.1
1072 1071 10Y 1072 1071 10°
E., (MeV) E. (MeV)

Measuring the soft y-ray spectrum with good energy resolution
IS a way of probing the mass spectrum of a light dark sector

Implementation of a generic
vector-scalar portal model
IN Hazma

SHa IMAC

Hazma: a python toolkit for studying indirect
detection of sub-GeV dark matter
Coogan, Morrison, Profumo arXiv:1907.11846
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Current limits and projected reach

10720 R \'
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— 10799
n
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U(1)4 —— CMB (s-wave)
10—36 | myz = 3.0 MeV CMB (p-wave)
my = 0.3 MeV —— (COSI continuum
gx =1.0x 1077 = © N —==- COSI line
Sa =0.1 =T X —— AMEGO-X
10_38 2. TR | 1. Lol R .....|1 L ..|2 . .......3
10~ 10~ 107 10 10 10
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Current limits and projected reach

107 ————— \l — 1 .« Excluded by MeV y-ray telescopes:
P values of (ov) for which @, |)?)(
10728+ { ! exceeds the diffuse y-ray emission
Dy ' measured by existing telescopes
10730t .
3 ! / * In tension w/ CMB bounds: values of
" (V) into e"e™ and y that would affect
S 107%%¢ 1 the CMB spectra; when o is velocity-
S  COMPTEL dependent (p-wave), (6V) # (V) B
~ 10734t INTEGRAL/SPI
foone: COSI-2016
—— CMB (s-wave)
U(1l
10—36 i m(zz)i 3.0 MeV CMB (p-wave) |
my = 0.3 MeV —— (COSI continuum
9x =10 1070 o _:_Q_) N — == COSI line
N S0 = 0. = it = —— AMEGO-X
10— — L ......|_ M B RN Y | Y e
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Current limits and projected reach

10720 | - Excluded by MeV y-ray telescopes:
| values of {(ov) for which @_|_
28 | i~
107y ! exceeds the diffuse y-ray emission
i measured by existing telescopes
—30| !
= 10 | * In tension w/ CMB bounds: values of
= _H (oV) into e"e™ and y that would affect
S 107%¢ I the CMB spectra; when o is velocity-
—~ |
S W 1 COMPTEL dependent (p-wave), (6V) # (V) B
10734t 2O INTEGRAL/SPT -
gl\ods;(zow | - Projected reach for future y-ray
— U4 o Mev / OMB (pwae) | telescopes: values of (ov) for which
my = 0.3 MeV | —— COSI continuum CI))/ | _exceeds the expected
gx = 1.0 x 10—3 = v \N === (COSI line )0( . .
el =01 =l = —— AMEGO-X sensitivity of COSI (line and
10 10-2 10—1 | 100 T 101 " 102 103 continuum) and AMEGO-X (continuum)

The future reach shown here is an indicative sensitivity estimate based on published
point-source sensitivities rescaled to a 10° Galactic Center disk.

A full response-level likelihood analysis for COSI is ongoing!
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Selow the electron threshold: lines

>~
=)
INTEGRAL/SPI
il is COSI-2016
10_7 - perturbativity
U(1)a w = CMB (s-wave)
m, = 0.4 MeV === (COSI line
myp = 2 MeV — AMEGO-X
Sa = 0.001 = Freeze-out
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Selow the electron threshold: lines

Freeze-out
X > % Ai 7' X j:: A
- X
X 7' X 7'
X Va

| ::>Z£;<i

X Vo
INTEGRAL/SPI
il e COSI-2016

10_7 - perturbativity

U(1)a v = CMB (s-wave)

m, = 0.4 MeV === (COSI line

myp = 2 MeV — AMEGO-X

so = 0.001 —— Freeze-out
10_9_3..“m_21.mm_1.““m0..““ml..““m21.““.3

10 10 10 10 10 10 10
(A (MGV)

« We assume freeze-out in standard cosmology (going beyond that motivates improved limits!)
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Selow the electron threshold: lines

Freeze-out
X > % Ai 7' X I:: A
- X
X 7' X 7'
X Va

| >ﬁ<

X Vo
INTEGRAL/SPI
i TP COSI-2016
1077} perturbativity | Today: GC 10° disk
U(1)a v = CMB (s-wave)
m, = 0.4 MeV === (COSI line X AN v
mp = 2 MeV — AMEGO-X ) H
$a = 0.001 - Freeze-out X 7
10_9 _3- ......11_2. .......1_1. .......10. .......11. .....“12. AT 3
10 10 10 10 10 10 10
(YA (Me\/)

« We assume freeze-out in standard cosmology (going beyond that motivates improved limits!)
« The current ID limits exclude the viable parameter space for m, S 10 MeV in this benchmark

« COSI is projected to probe the remaining viable parameter space beyond CMB bounds,
except for the resonance region
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Below the electron threshold: lines and boxes

10—7 il perturbativity -
U(1)a w ——— CMB (s-wave)
m, = 0.4 MeV === (COSI line
mp = 0.3 MeV — AMEGO-X
9 sq = 0.001 Freeze-out
10 TR

INTEGRAL/SPI
T COSI-2016

1075 107 10T 100

myz (MeV)

100 107 103

Freeze-out

X - P h X S ——
M X
X A X 4

Today: GC 10° disk

X

w

X Y

~

S

X P
>/\M/\A/<\/\,\ X — h/’h/
X A X
X hl ke h/ X - h/,Z/
X I .

« A light scalar changes significantly the MeV y-ray phenomenology
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Below the electron threshold: lines and boxes

Freeze-out

- X - P h X S
M X
X Z' X A

X 2
>
N
_______ INTEGRAL/SP! Today: GC 10° disk
i...... COSI-2016
1 O —7L perturbativity - X 7' W v
U(1)a —— CMB (s-wave) _H
m, = 0.4 MeV === (COSI line X v
my = 0.3 MeV —— AMEGO-X Yz " .
; S = 0.001 I, XMZ/ K
10=% 102 10t 10 10t 10* 107 e
X h'

Mz (Me\/)

« A light scalar changes significantly the MeV y-ray phenomenology

. In this benchmark, for my, /2 < my < 2m, — my,, the y-ray boxes from the h’Z’ channel are
strongly enhanced, ruling out the viable parameter space

« COSI will probe the remaining viable parameter space, except for the resonance region,
beyond CMB bounds
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Above the electron threshold: CMB vs continuum

FO: h'Z' ete™
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Above the electron threshold: CMB vs continuum

my, < m)( my, > m

X

1073

e
L
.
.

FO: h'Z' ete™
ID:yy,h'Z ,ete™ . 10~5F

FO:Z'7Z,ete”
ID: ete™ .

[ COMPTEL

1070

< <
> [ COMPTEL SN

INTEGRAL/SPI INTEGRAL/SPI
fenn.: COSI-2016 * s COSI-2016
1 O -7 perturbativity - 1 O -7 perturbativity .
U(1) 4 —— (CMB (s-wave) U(1) 4 - CMB (s-wave)
% mx =I] T.\*‘Ie\"' .- w— COSI fpllti]lllllln L7 m, =1 .\“Ie\-"" = (OSI continuum
my = 0.3 MeV — AMEGO-X mp = 2 MeV — AMEGO-X
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* |n this benchmark, the current ID limits
exclude the viable parameter space with
m, 2 my,./2, except near the Z' resonance

« Mediator final states generate boxes and
cascade FSR, improving the projected reach
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Above the electron threshold: CMB vs continuum

my, < m, m, > m,
—3L i —
10 10 3L
Ny P
FO: K Zh;;’ e ) FO:Z'7Z',e*e™
ID:yy,n'Z',eve" | 107 °F ID: eTe” y
b 2
—J COMPTEL > [ COMPTEL
INTEGRAL/SPI INTEGRAL/SPI
205 COSI-2016 ©00E COSI-2016
perturbativity - -7 perturbativity .
10
U(1)4 —— CMB (s-wave) U(1)4 —— CMB (s-wave)
my, =1 MeV — (OS] continuum L7 m, =1 MeV m— (OS] continuum
mp = 0.3 MeV —— AMEGO-X my =2 MeV — AMEGO-X
Sa = 0.1 — Freeze-out Sa = 0.1 — [reeze-out
10—9 T | sl N N FEETErErrETTY |

1073 102 10°T 100 10T 107108 003107210 107 10T 107103
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 The CMB bound excludes all the viable
parameter space except for the
resonance region

* In this benchmark, the current ID limits
exclude the viable parameter space with

m, 2 my,./2, except near the Z' resonance
« The continuum FSR from the ete™

channel is so strong that AMEGO-X can
probe very small gy (freeze-in motivated)

« Mediator final states generate boxes and
cascade FSR, improving the projected reach
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Take-home messages

o A sizable present-day yy line points to dark matter annihilation via light axial Z’ bosons;
a minimal renormalizable completion requires a U(1)y-breaking scalar.
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Take-home messages

o A sizable present-day yy line points to dark matter annihilation via light axial Z’ bosons;
a minimal renormalizable completion requires a U(1)y-breaking scalar.

« In the case of a light 4’ scalar, vector-scalar portals predict correlated y-ray lines, boxes,

and continuum emission while opening new thermal-relic parameter space in agreement
with CMB bounds.
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Take-home messages

o A sizable present-day yy line points to dark matter annihilation via light axial Z’ bosons;
a minimal renormalizable completion requires a U(1)y-breaking scalar.

« In the case of a light 4’ scalar, vector-scalar portals predict correlated y-ray lines, boxes,

and continuum emission while opening new thermal-relic parameter space in agreement
with CMB bounds.

« COSI and proposed MeV y-ray telescopes will probe complementary spectral features;
the present projected reach is indicative, and a response-level COSI analysis is ongoing
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Take-home messages

o A sizable present-day yy line points to dark matter annihilation via light axial Z’ bosons;
a minimal renormalizable completion requires a U(1)y-breaking scalar.

« In the case of a light 4’ scalar, vector-scalar portals predict correlated y-ray lines, boxes,

and continuum emission while opening new thermal-relic parameter space in agreement
with CMB bounds.

« COSI and proposed MeV y-ray telescopes will probe complementary spectral features;
the present projected reach is indicative, and a response-level COSI analysis is ongoing

COSIl is scheduled to launch in 2027. Get ready!

DM @ COSI
Data Challenge 4

Obrigada!
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Light dark matter: candidates

Based on all the evidence we have, dark matter is most likely made of
gravitationally interacting particles

%
N > = EQ
= - 22 EECE S B
. /) —— , - [ — //———— DM mass
—32 —11 —4 3 10 17 59
10 10 10 10 1010 10 10 [GeV]
. S e—
aeD axions [ViMPe Light dark matter (LDM), keV-GeV
ALPs ; ; mass scale: phenomenologically rich
Sterile neutrinos but under-explored parameter space
dark photons — R , - - i

FIMPs - PBHs
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Benchmark charge assignments and their completions

Ly | I | QL | ur | dp | @ | D5 | xz | XR
SUB. | 1 1 3 1 1 1 1 1 1
SU(2)r 1 2 1 1 2 1 1 1
Uy | -1 -2 1/3 4/3 -2/3 1 0 0 0
Ulp_r| -1 -1 1/3 1/3 1/3 0 2 4 2
UL |1/3 -1/3 1/3 -1/3 -1/3 2/3 2 4 2

U(1)p_; gauge symmetry:

* One of the simplest anomaly-free setups for a new gauge symmetry
* RHNSs cancel the anomalies and enable seesaw

 Gauge invariance requires X = 0 = no Z-Z' mass mixing

« Pure vector couplings of SM fermions (XfL = XfR)

U(1), gauge symmetry:

* Phenomenologically motivated (GC GeV excess, SD direct detection, MeV

anomalies)

* Requires additional chiral fermions for anomaly cancellation and an extended

Higgs sector for gauge-invariant SM Yukawa sector

« Gauge invariance requires X = 2/3 = Z-Z' mass mixing

« Pure axial-vector couplings of SM fermions (XfL = — XfR)

ﬂlevant parameter space |

g gauge coupling and
X°Pa  scalar mixing angle

m)(,

Xq)’ X(Ds’ XQL’ XLL’ X)(L

masses of
mZ/, mh/ .

ew particles

charges under U(1)y
(set by choice of symmetry)

Z’ mediated dark matter models for the
Galactic Center Gamma-ray Excess
D. Hooper arXiv:1411.4079

Axial vector Z’ and Anomaly Cancellation
Ismail, Keung, Tsao, Unwin arXiv:1609.02188
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How to generate strong y-ray lines at the MeV scale”
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X 7 X v 107 vy for U(1)4 w/ my = 0.3 MeV
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Z(/)n—shell =YY %
. _ ()35 [T
* Scalar portal: negligible cross-section = 10
(p-wave and Yukawa suppressed) 1010}
outside resonance region .
10~
. Vector portal: possible it X, » # X, ol . 2 3
sizable cross-section (s-wave) 10 10 10 10 10 10
m, (MeV)
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Annihilation channels
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Freeze-out of L

DM In vector-scalar portal

We consider the freeze-out production of sub-GeV DM in standard cosmology
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Indirect detection of light dark matter

x d*®. /dE.dQ (MeV /em® /s /sr)

Excluded/probed region in the DM parameter space:

COSI 3-0 continuum sensitivity (2 years, 10° disk)

AMEGO-X 3-0 continuum sensitivity (3 years, 10° disk)
COSI 3-0 line sensitivity (2 years, 10° disk)

INTEGRAL/SPI (|I], b] < 47.5°)
2016 COSI Balloon Flight (|l| < 65°, \b\ < 45°)

. @ COMPTEL (|I| < 30°,]b| < 5°)
@

0L 10 BT

E, (MeV)
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Differential y-ray flux from DM annihilation:

do (av) de
14

2% 500 Z' B——
dE, |, 16z Ao " dE,

J: line-of-sight integral of the square
DM density, averaged over AL
(signal morphology)

(oVv): total velocity-averaged DM
annihilation cross-section

dN? |
——: y-ray spectrum from final state f

dE

Y
w/ annihilation branching fraction Bf



Model-dependent CMB bounds

DM annihilation into e.m. particles around and after recombination can modify the
ionization history and therefore the CMB temperature and polarization anisotropies
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Efficiency of energy deposition from DM annihilation in medium:

fo= [E gy N By 4o N gy
TE,, ), g dE, efde+

cm

s-wave limit: (ov)? = (av)MB
p-wave limit: <GV>O — <0V>CMB(VO/VCMB)2
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Direct detection of LDM
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Some progress & challenges for the direct-detection
of sub-GeV dark matter
R. Essig Nucl. Phys. B 1003 (2024) 116484

. The largest values of &, for m, ~ 1MeV are obtained for g, ~ 107 This region is currently

X

allowed by DD, but already excluded by ID and theoretical limits

* |tis interesting to have in mind that for DM in the MeV-GeV range, we will be able to explore
the complementarity between AMEGO-X and future DD experiments
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