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Hunting Invisibles: Dark sectors, Dark matter and Neutrinos
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not-so-inelastic Dark Matter (niDM)
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netestie Dark Matter (ntDM)

e Most of the matter in the Universe
Dark Matter

27%

e Non-baryonic
e Cold (structure formation)

e “Stable” (13.7 billion years)
"Ordinary” Matter

* Weak interactions with SM particles  Dark Energy 57

68%
e All evidences from gravity
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netestie Dark Matter (ntDM)

Freeze-out and the WIMPs paradigm

n, +3Hn, = — (av)(ni — nieq)

SM bath \
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«Dark Matter (ntDM)

Direct detection
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netestie Dark Matter (ntDM)
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Indirect detection

e cosmic microwave background i :'
f : j _
o frequency A ?
{:; l' ___..._- X % X
o power spectrum M
o
X =X

e Pushes DM to heavy masses

log m, (GeV)

G. Steigman in 1502.01884
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netestie Dark Matter (ntDM)

1
1 | | ] I | ¥ ] | |

electromagnetic energy efficiency factor = 0.2
10 ) 1 ) ] I Ll ] Ll 1 I L] ] L) l
I

]

I

[

Indirect detection ol !
e cosmic microwave background L ."
= .' .
O 1 -
o frequency Y ; — c
> ' W X
o power spectrum N _
o
— L C

e Pushes DM to heavy masses

log m, (GeV)

G. Steigman in 1502.01884

Giovani Dalla Valle Garcia

EPS-HEP 2025



e MNawvils ARAabkdkaw 3N AAN

l
Indirtc  for thermal DM 7

* e velocity-suppressed annihilating DM (o) v

e assymetric DM X} — XX Ry

o inelastic DM /77é X

o coannihilating DM I,

* P e xxX = vv or xx — XX(X — w) }ﬁjx
Tom <K Taon ;

Vg 111, \UTV)
G. Steigman in 1502.01884
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mot-so-inelastic Dark Matter (niDM)

Basic principles

dark matter states with only off-diagonal couplings
Two DM states

X X

with a mass splitting

T *x — T
X X
:Am \" ......
My >
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mot-so-inelastic Dark Matter (niDM)

Basic principles

dark matter states with only off-diagonal couplings
Two DM states

>k
X X "
with a mass splitting

= Ay,

5%
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mot-so-inelastic Dark Matter (niDM)

Two DM states

X X
with a mass splitting

= Ay,

5%
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mot-so-inelastic Dark Matter (niDM)

Indirect Detection

Two DM states 1
— MMV
) X
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v > Apmy %

>k
X X X
with a mass splitting

= Ay,

5%
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mot-so-inelastic Dark Matter (niDM)

Two DM states

X X
with a mass splitting

= Ay,

5%
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Direct Detection
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mot-so-inelastic Dark Matter (niDM)

A sub-GeV DM candidate

Non-trivial dark sector >

e long-lived particles
e new signatures: displaced vertices
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Dirac Fermion DM

X = XL T XR

NEW FORCE: U’ (1)
a Dark Photon

AI

ssB: V(H')
Dark Higgs

H!

EX D ie' A X’Y'u — H'x“(yPrx +yrPr)x
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Dirac Fermion DM

= xr + _

A AT AR Ly DAl — S yrPr)x
NEW FORCE: U’(l) S W,
a Dark Photon )
4 Sy

ssB: V(H')
Dark Higgs

H!

J

J
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Dirac Fermion DM

X = XL T XR
L, Die' A,xy'x — (b +w)x*(yr Prx + yrPr)x

NEW FORCE: U%() Z\ l\\/

a massive Dark Photon . |
A’ LD —mpXLXR — 7 MLXLXL — _mRXRXR
2 2
/
SSB: V(H ) v (X v [ v mp/?2
Dark Higs Y T \mp/2 g
h

requires a mass diagonalization| [ — ' — UT‘I&

/
EPS-HEP 2025 Giovani Dalla Valle Garcia
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM
X X

NEW FORCE: DN()

a massive Dark Photon

£i D e’ A" xi(iay; + ﬁij’}’S)'}’;LXj — yrh' xi(&ij + iBz‘j’}’S)Xj

A LIKE WEAK
DSSEHT_/(H’) INTERACTIONS
ark Higgs

Q, dR, Uurp — ij d’R,u’R and UJr < VCKM
flavor changing interactions

h!
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not-so-inelastic Dark Matter (niDM)

Majorana Fermions DM
X X
NEW FORCE: DN()
a massive Dark Photon

AI

ssB: V(H")
Dark\Higgs

h!

EPS-HEP 2025
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a simple UV-complete sub-GeV WIMP model

L D e’ A" xi(io; + Bijy®)vux; — yoh' Xitai; #1Biv°)x;
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM

%
X X mx*_mx

NEW FORCE: U4(1) Am = m
a massive Dark Photon X
A 5§ — YR —YL _ MR —Mp
Y -_— —
YL mrp,

/L Parity breaking
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM

% X* elastic inelastic
X X
NEW FORCE: U//(1)
a massive Dark Photon A A
A/
X X
Parameters ol = o' cos® 260 o) = o' sin* 260

My = (14 Ap)my
mpr — (1 —+ 5y)mL
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM

% X* elastic Inelastic
X X
NEW FORCE: U//(1)
a massive Dark Photon A A
A/
X X
Parameters ol = o' cos® 260 o) = o' sin* 260
My = (1 + Ay )my
mg = (1 + d0,)m cos 20 OyBm
R = =
¢ (2+0,)(2+A,)
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hot-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM

X X elastic Inelastic :
X X
NEW FORCE: /(1)
a massive Dark Photon A A
Al
X X
Parameters ol = o' cos? 26 o). = o' sin” 26
=1+ A S ' ]
mpr = (14 d,)mg cos 20 = | L

(2+9y)(2+ Am) |
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Majorana Fermions DM
X X

NEW FORCE: [//(1)

a massive Dark Photon

A/
Parameters
My = (14 Ap)my
mpr — (1 —+ 5y)mL

EPS-HEP 2025
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a simple UV-complete sub-GeV WIMP model

elastic

X
al, = a' cos® 26

Inelastic
X*
A/
X
o = o sin® 26

cos 20 =

(24 9,4)(2 + An)

5, # 0
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not-so-inelastic Dark Matter (niDM)

Majorana Fermions DM
X X
NEW FORCE: U//(1)
a massive Dark Photon

A/
Parameters
My = (14 Ap)my
mpr — (1 —+ 5y)mL

EPS-HEP 2025
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a simple UV-complete sub-GeV WIMP model

SM-DM
mediation

ARVAVAVAY. TAVAVAVAY. L
€

QISM — ECgem
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not-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM

% X* elastic Inelastic
% X SM-DM
NEW FORCE: /(1) mediation
a massive Dark Photon A’ A’
A’ T NNRAN A
X X €
Parameters ol = o' cos® 26 o) = o' sin* 26

My = (14 Ap)my

AN iDM: 0, =0
mpr = (14 d,)mg cos 20 = 2 /

(2+5y)(2+Am) 59 7& 0
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mDNM

X SM

Majorana DM

Not-so-Inelastic DM

aM

m/my

), =
y#O
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; RESULTS
o/ = 0.5, my =3my, Ay =0.9,3,=05 |
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nmot-so-inelastic Dark Matter (niDM)

a simple UV-complete sub-GeV WIMP model

Majorana Fermions DM
X X
NEW FORCE: DN()
a massive Dark Photon

A’ what is

ssB: V(H')
Dark Higgs

h!

LY D e A" xi(iou; + Bijy®)vuxi — yoh' Xi(&ij + iBiy°)x;
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nmot-so-inelastic Dark Matter (niDM)

a simple UV-complete stbo—GeV WIMP model

Majorana Fermions DM
X X
NEW\FORCE; D)

a massivesDatrk Photon

0

ssB: V(H')
Dark Higgs

h!

L D &' A" xi(its; 4 Bijy°)vuxi — vk’ %i(éij + iBiy°)x;

mp = itmy withmy; € Rorh' — a (pseudoscalar)
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minimal inelastic Dark Matter (miDM)

a simple UV-complete WIMP model
Majorana Fermions DM

X " A
X X Ei D yraxi(ij + 35éj75)Xj
ssB: V(a)
a real pseudoscalar
(L’ Ww
a §j= —2 x — <1 0,~20p<k1
LY, LY,

Parameters
My = (1 + Ap)my
mpr — (1 —+ 5y)mL
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minimal inelastic Dark Matter (miDM)

a simple UV-complete WIMP model
Majorana Fermions DM

X " A
X X Ei D yraxi(ij + 35éj’}’5)Xj
ssB: V(a)
a real pseudoscalar
(L’ Ww
a §j= —2 x — <1 0,~20p<k1
LY, LY,

Parameters

Ay, 0, —>04,0
v R BF A, —=925.8p < 1

EPS-HEP 2025 Giovani Dalla Valle Garcia
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minimal inelastic Dark Matter (miDM)

a simple UV-complete WIMP model
Majorana Fermions DM

* I — (A A 5
X X L, Dyra Xi(Qij + 1877 )X
ssB: V'(a
a real pseudo(sca)lar Qjj R 2(5d == 6P) + 0(62)
a B, ~ 2+ O(6)
Parameters
653 3 5P

EPS-HEP 2025 Giovani Dalla Valle Garcia
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" lifetime > 0.02 s
may alter BBN

EPS-HEP 2025

m, [GeV]

10" ¢

102

10!

RESULTS

g=10:2
Oy = (2%
op =0.05

Higgs signal strength

10" 102 10° 10*

m, |GeV]

mg, € (2 +10%)m,

0 <K 1
0g << 1
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FUTURE SEARCHES

Future exploration

niDM: DM masses around 5 GeV with future colliders
and direct detection experiments
miDM: compute relative DM abundance and BBN/CMB
bounds in detail

New sighatures

displaced vertices

double-bang

New experiments

niDM: NA64 muons
miDM: FCC
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NCLUSION

New directions explored

parity violation also in the dark sector
iInelastic Dark Matter with large mass spliting
inelastic Dark Matter with only a (pseudo)scalar mediator

Thank youl!

Questions?
EPS-HEP 2025 Giovani Dalla Valle Garcia
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not-so-inelastic Dark Matter (niDM)

EPS-HEP 2025

SUMMARY
Parameters
Majorana Fermions DM €
X X* / erQ
= 7=
/ v
NEW FORCE: U'(1) M A
a massive Dark Photon
Iy
A!
A,
0
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inelastic Dark Matter (iDM)

A sub-GeV DM candidate

The WIMP miracle revisited:

ny (ov) ~  H(zy) n, (ov) = e 2n, (ov) ~ H(zy)

84
(ov) ~ nj;;/[
X
A‘[‘lineagly
ma?f
2 £ mX
QDMh — a,/2

DM



niDM - Excited states decays

mar = 3M,

10(] :

F = hadrons

N
o<
*T 10
K
q
10 2

£ p
M j;.
branching ratios nearly independent of 777 4/



NniDM - Relic abundance
o = 0.5, muy = 3m, @l
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niDM - Relic abundance

m, = 200 M

eﬂy C’Ef — 053 ma = Smx
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COLLIDER SEARCHES

m, = 200 MeV, o = 0.5, mg = 3m,,
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COLLIDER SEARCHES

m, = 200 MeV, o' =0.5, mg = 3m, m, = 500 MeV, o' = 0.5, mg = 3m,
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miDM - Excited states decays
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: RESULTS
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10 ¢
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m, |GeV]

RESULTS
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not-so- Dark Matter (DM)

|nelaSt|C A simplified sub-GeV WIMP model
Dirac Fermion DM
X =XL TXR ﬁi ) 35’1 4’ ).J“).,-L — \/_yLSj.,LfPL).,L — \/_yﬁSlfPﬁ}L 1 h.c
NEW FORCE: UU'(1) \ _— N —— /
a massive Dark Photon /
/ %
A
SSB: V(H') Gy A:;‘IIR_.LP’:’“‘*II == ‘*IfTG_l(ﬂ-fl + W Ry )V + h.c
Dark Higgs

H’ XL 1 0 Yrw ﬂ?D/2 (1 0 )
— [ R— ﬂj — R | B ;
. (k’%) i (U —1) ' (mﬂ/2 YRW =98 0 1+94



Historical interlude: the DAMA anomaly

exclusion plot for the spin-independent DM parameter space

10—4{] 1
' DAMA (30)
Annual modulation o2 ——l
- CRESS G5
. PO T T _,_ )]
~ 7% E - gdewers
— 10°¥- U X
Y MA
P ) ZEPLI Al
- / . '
/ O (P ‘ .
e ~ 1071 v = 150GeV  QP=0.117
__—”’ 1-48 I 1 1|1J1|| L 1 1 Illl!l L L L
O L 10 50 100 500 1000 501

m, (GeV)

G. D'Amico, M. Kamionkowski, K. Sigurdson in 0907.1912


https://inspirehep.net/authors/1047629

The DAMA anomaly

e Annual modulation o

~ T%

Residuals (cpd/kg/keV)

it

- - -0.05 -

@ _,f”’ _O‘I IE i l | I L I | i1 jil L l 1 1
O - 50 1000 1500

time (days)

model independent residual rate for the cumulative 2-6 keV energy interval as a function of the time



Inelastic Dark Matter

as solution to the DAMA anomaly

e CDMS i.s composed of Ger.manium VARY) PROPER
e DAMA is composed of lodine (127 u) CALCULATION
use a velocity distribution
fvy)
For a typical DM particle
V.~ 220 km/S e in CDMS Ammx SJ 11 keV
assuming e iNDAMA A,m, < 15keV

~~ D. Smith, N. Weiner in 0101138
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Inelastic Dark Matter

Professor: Postdoc: Grad student:
Ahh, those were the good . DON'T. WANT. TO. What is DAMA?
old days, when we were HEAR. ANOTHER.

still excited about DAMA. WORD. ABOUT. DAMA

| was there, you know?

\u F‘\\'a_

F. Kahlhoefer in Annual modulation of dark matter signals: Experimental results and new ideas - IDM22, Vienna

MM BHDCOHICZ COI
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