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DARK PHOTONS have been widely explored before...

...but not all of them.
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After diagonalizing the

DARK PHOTON  -iimicin:

through mixing angle a we
get the physical fields

Interaction terms can be written now in terms of physical particles:

r

LD —A”(ejEM) +

—Z¢ [ngLZL (Cq

8,5, X € c, X1+ €

i Sa6) + ejEM(SaS/tW) = .ngp)fSa] +
_Zu[gZ] (Sq +€q6) — e] (Cad/tw) + ngl.)J.(COC]

N

Every interaction between the visible and invisible sectors

is supressed by the kinetic mixing
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BH

AH =) true, massless SM photon

w3k | - JH =P physical Z boson

XHu

u
Zp ) | == physical DARK PHOTON

In this sector of the model, we
have introduced two parameters:

(6. 9p)

gp: U(1)y gauge coupling

e: Kkinetic mixing

How does the dark photon

get its mass?
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Arcadi etal. (2019)

Assamagan (2016)
! 4
V(H,S) = —p2HH + A(HYH)" = u25*S + A5(S*S)? + AysS*SHTH
1 G

= \/_f(h 44 iGO) : SM Higgs Doublet — v breaks SU(2);, X U(1)y
s+w+iG’ . |
= 5 : Dark Scalar Singlet — w breaks U(1) x )
Us:  scalar mass parameter “d

(ﬂs, )ls, )'hs) As:  scalar self-coupling parameter

Aps: scalar-Higgs coupling parameter
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DARK MATTER

qx: DM charge under U(1)y

m,: DM mass

1
.4
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.X _ —
| Ju = A XVYuX
with y a Dirac Fermion
|
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GAUGE-FERMION INTERACTIONS
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DAHM-DM

(Mg, Mg, My, €,Sg, Ip> Q) ' IN THE FOLLOWING...

: Dark Photon Mass 1 2lSlEn e 2y

mx < mZD
: Dark Scalar Mass
* Massregime:

: Dark Matter Mass 1GeV < my, <my

: Kinetic Mixing i ey can be afraction of the total DM content:
: Scalar Mixing Py = $Pcom
: Dark Gauge Coupling T

: DM vectorial charge dilution factor
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DM PRODUCTION MECHANISM

FREEZE OUT
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”',' Dark Matter in thermal equilibrium with plasma at the beginning of the Universe.
| * Dark Matter density freezes-out when interactions fall below the Hubble rate.
= * Weak coupling with SM particles.
'-L: * DMrelic abundance can be computed solving the Boltzmann equation
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Rate of DM-induced nuclear recoils per recoil energy:

2R AN e(E )jdE Gauss(Ef, E) d3vv (D) Aoyr
dER meX E i S dEI,-{

Umin

/ d
DD set constraints on the product da’iT
R

\WIMPs and Neutrons
: 5catter from the

Photons and Electrons
scatter from the
Atomic Electrons

_ 7 . 2
\ dO')?’} £t mr 2 ZAZFZ(E ) f;’t( B) n( : W
o7 & 2 +m — mb2
R ZD VA ZD

\/ <58 £ = —(prx‘l‘(A 2)fox)

; fox =29ux + 9ax
fn,X = Gux + ng,X =20



o N\ _-..

1
|
|
|

]
—u

ParkSide-50

mz, = 10 GeV
mZ-_'_- = 12 G(—Z‘V

DarkSide;LowMass

5 6
m, [GeV]
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DD bounds are
independent of the
value of €

A —— e o o T oy
-




3

.......«i.--!j(].,-i._,.*.w.l-‘
—— e - e e o e B e

-~
-

Planck Satellite

A

—

-

e A

/o>

:

3

. R g
ZiAS
— o —

.
X

i3 - 1 G

L
L2

Lo £
iy,
\\\\\\.\7\\

:

=
Fermi-Large Area Telescope (LAT)

MATTER

INDIRECT
DETECTION

DARK



GAM MA RAYS FROM DWARF SPHEROIDAL GALAXIES (dSphs)

dSphs are some of the most DM-rich environments in the
universe, so we can set DM constraints from the
observation of gamma rays from them.

cvn 118 ®Com

= - 0® Wil 1 C‘l;'(:oIIIoI .ngol II 14 ".Leo v >
Gamma Ray flux per solid angle: AP g Ci sy e 1v gles
eUMall @ _ g 5r®
.Dr:\ . .Her . s
J (ov)s dN{ i
— (00) = = 3 R e O :
dE 41T 2m dE T — . : e cMa =,
X ‘ e oSgr (o)
'Car.
Seg 2 (- 50
J= dﬂf dl pZ(r) S BN '
AQ .For
W_J @ 5!
gamma-ray flux will be Fermi-LAT collaboration (2014)

re-scaled by « &2
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GAM MA RAYS FROM DWARF SPHEROIDAL GALAXIES (dSphs)
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dSphs are some of the most DM-rich environments in the I ™ e R ) ) fogGoV” o ]

, universe, so we can set DM constraints from the Aquarius 1 - ‘l

":': observation of gamma rays from them. :
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:  Gamma Ray flux per solid angle: :
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gamma-ray flux will be
re-scaled by o &2

Major I

McDaniel, Ajello, Karwin, Di Mauro, Urea Mator 11
Najor
Drlica-Wagner & Sanchez-Conde (2024) |-
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¢%(ov) increases
as € decreases
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z We obtain a

lower bound on €
(and on &£%(ov))

McDaniel, Ajello, Karwin, Di Mauro,
Drlica-Wagner & Sanchez-Conde (2024)
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CMB IONISATION CONSTRAINTS

Since DM can annihilate into charged
SM particles, it can reintroduce a
I certain amount of ionization during
- and after recombination

. This amount of extra ionization can be

" constrained with the CMB, since it

would distort the theoretically clean
CMB polarization spectrum

Rate of released energy into the primordial bath of particles from DM annihilations:

d?E (ov); 8 Ve
<) 1+ 2 6 P = p ) — z { For each annihilation channel.i:
dVdt PX( )° Pann(2) with Fann(2) = fi(2) m, (gv); thermalaverage annihilation
' cross-section
energy rate will be £i(2) redshift-dependent ionization
re-scaled by o &2 ...constrained by the Planck mission from g efficiency factor

CMB anisotropies measurement

Rl 3.8 X10%¢8 em? 571 GeV ™
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We obtain a
lower bound on e

Planck 2018 Planck 2018
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Planck collaboration (2020)

CMB BOUNDS
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INVISIBLE seArRCHES | VISIBLE SEARCHES

lfm; > 2m,, the decay channel Zp, = yxis
kinematically open and dominates the decay width

o ,."r"—:j"'f""’" o\
s = E E .-

Given the strong sensitivity of di-lepton searches, they
can still be relevant, in particular when ap < ag€?

B R R

Izp = Tzposm + Tzpo3x
V q
F X
g X
§ v € < el x [zpsm + Lz 7n
; e % l_‘ZD—>S'M
g X
Y s 90% C.L. di-lepton limit for FZD—v?X =0
MONO-PHOTON
9 aamensanne] a SEARCHES IN LEP
AND BaB
MONO-JET .

SEARCHES IN LHC
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EW PRECISION OBSERVABLES

Our model introduces modifications on the couplings
of the Z-boson with the SM fermion content that
depend on its mixing with the dark photon

parameter €

Parametrization of the neutral current interactions of physical Z-boson with SM fermions:

Electroweak precision observables yield an
indirect constraint on the kinetic mixing

=z a = a cir St a
Lyc = i fiy"|Ts5.P, — Q; | s& + ZEM > ald EM fiZ, By comparison:
Sy Cw 2 ; 4(cy — SW) iy —
S(E' mZD)
In DAHM-DM:
~ % T (€, mZD)
£ e 5 ——%6, iyt [T3 P <1 = —6) — Q; (sﬁ, — —“6)] fiZ, OBLIQUE PARAMETERS
SWCW Ca CCZ
S =-0.05%0.07
T =0.00 +0.06
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Dilepton (ap =101) 1
Dilepton (ap =1072) -

Dilepton (ap = 107%)
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Current LHC mono-j (CMS) ]
HL-LHC mono-j sensitivity { |

LEP | mono-y
EWPO
BaBar mono-y

0
mz, [GeV]

COLLIDER BOUNDS
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Planck CMB ]

—— Colliders

PandaX-4T 3

Fermi-LAT ]

Planck CMB ]

—— Colliders
L

3.5

2.0 4.

—— DarkSide-50 3
Fermi-LAT
Planck CMB ]

—— Colliders

1

—— Pandax-4T 1
Fermi-LAT ]
Planck CMB

—— Colliders 1

1

4.0

CONCLUSIONS

DD, ID and colliders probe
complementary regions of the
parameter space.

Scenarios with large ap are ruled out by
DD, even in the resonance regime.

ID constraints are relevant for {¢ = 1 and
away from the resonant region.

Next generation DD experiments will be
able to probe most of the remaining
allowed resonant DM scenarios.
Current and future collider searches
can probe complementary regions with
sizeable kinetic mixing.
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J where @ = m, /T, z = ﬁ,.f"-‘r’rz..x and K, (x) denote the modified Bessel functions of the second
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Dark matter Relic Abundance beyond Kinetic Equilibrium
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3~ 31. 37.
G = 1 /(dp d3k /(dk @

29, J (2m)32E J (2m)32w J (2m)32@
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describes the effect of two-body annihilations, and the
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collision term for elastic scattering processes is given by

1 d*k d*k d®p ‘ 5
Co = ¢ / 9-\39 / 9-\39~ / 9.-\39% (3) L f
29, J (2m)32w J (2m)32 J (27)32E 0.0
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:,: Fermi-LAT legacy analysis provides single-source, binned likelihood profiles £; (Z—?, E) as a function of the E
1

‘”?.' differential gamma ray flux% and energy E for different sets of dSPhs source catalogues. :'
|

! We can obtain the full model likelihood computing the theoretical Z—? and multiplying all the single-source ':
]

—u likelihoods for the observed dSPhs. !
: :>
$ I
1
|

For each source, the uncertainty on the observed J-factor is taken as a nuisance parameter:

e

T In(10)/270 ) Jope V20,

2
__ Ci(do/dE, E logio(J) — logig (Jobs,
(46 /dE, E, Jop) Li(d/dE, E) exp {_ ( Um()Um(f}) ]
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From the model likelihoods, we build a test statistic according to the profile log-likelihood ratio:

- &
e e = == ¢

where 6 denotes the model parameters and 8, the model parameters that maximize the likelihood.

Under random fluctuations in data, the test statistic —2log 1(0) is asymptotically distributed as a y? function
with the number of degrees d equal to the number of tested parameters 6. Hence, for a fixed DM mass we leave
the kinetic mixing freely floating.

e R ™

V

————

We thus can reject the model atthe 1 — p level if

1—Fp2(d=1,-2logA(f#)) <p

with F 2 beint the cumulative x? distribution with d = 1 d.o.f. We compute the one-sided 90% C.L. exclusion
limit from —21log A(8) > 2.71
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CMB IONISATION CONSTRAINTS o) = Y 10

We can compute approximate mass-dependent efficiency factors for all the primary annihilation channels of y at
z ~ 600 where energy injection becomes the most efficient

e

efficiency factors at z = 600
LT
dN +
fi(my) ~ j 2fe‘;fe ® () +15®

an,
dE

! ]
¢

secondary positron and photon spectra produced from EM showers and
decays of the primary particles i




CMB IONISATION CONSTRAINTS o= 3. 2

X

We can compute approximate mass-dependent efficiency factors for all the primary annihilation channels of y at
z ~ 600 where energy injection becomes the most efficient

P

efficiency factors at z = 600

1

v ¥

fi(my) ~ j Zf:f,f &) (dN ) + 17 () (‘ZZ)
! )

!

secondary positron and photon spectra produced from EM showers and
decays of the primary particles i

TN

... Which is constrained by the Planck mission

Thus, we can define an _ :
from CMB anisotropies measurement

effective, mass-dependent —— Peff(mx) = fi(m)() =
annihilation parameter... ' X
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to derive the bounds from EWPO. We perform a j_}c'jz fit to O1 = S(e,mgz,) and Oy = :
| | the ‘
: T (e,mz,), glven by :
1
4 l
y A (e mz,) =Y (Oilemz,) = OF) (0) (Os(emz,) - OF) | (3.19) .'
“ - o ) |
: i, l
I |
|
i with O} denoting the central values in Eq. (3.18) and (0%);; = 0;pi;0;, being o; the respective :
|
. standard deviations from Eq. (3.18). The covariance matrix, p;;, in the S — 7" plane is given :
1 _ |
'j 1 by [l..--l[)] :
‘.’.:‘.:- ‘
¥

- [
—— - —

(1 0.92
Pi=Noo2 1 |-

Our resulting 95% C.L. EWPO limits on € as a function of mz, (given by _\\ (e,mz,) =4)

agree well with those obtained in Ref. [58|, and are shown in the left panel of Fig. 9 as a
solid black-line. They yield the strongest current limits for a fully invisible dark photon (with

BR(Zp — xX) = 1) above the reach of B-meson factories like BaBar.
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