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A Dark Universe

Visible matter

e
Energy

Lots of evidence,
from many different scales,
of the existence of cold non-baryonic DM
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WIMPs Direct Deteckion:
E@.m!porod evolubion

[Goodman, Witten 1985; Drukier, Freese, Spergel 1986]
[FFigure from Snowmass W, &8l aE |

Evolution of the WIMP—-Nucleon o
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Darlke sibuation: where are bthe WIMPs?
=]



From the experimental side, to Probe Fhe WIMP
Paradigm , large detectors are required:

New @onsortTum XLED 2029 " ¥40r =sk001) -
XENON. & BZ: +  DARWIER = [ 2203 072 309

Global Argon DM Coll. ARGO (100r — 3001) :
ARDM + THEAE + DAREKST IS

Next decade crucial, with
2 possabte stbuakions

&



Sttuation 1:
A signal is observed

o New “qgolden epoch” for DM, like that of neutrinos
o Goal: robust & precise determination of DM parameters
¢ Ideally, independently of astrophysical uncertainties

e Need several signals from different methods and
experiments to break degeneracies



Complementarity: DD & v from Sun

We can gain info bj combining different methods

' DD

v from Sun

Lessons

No

No

Keep trying...
Does DM interact non-gravitationally?
Other candidates (PBH, axions, etc.)?

No

Yes

No lower limit to Rpp from I'g
DM disc?
DM self-interactions?
Inelastic DM?

Yes

No

Halo-independent lower limit on the capture:
= Upper limits on BRs [Blennow et al, JCAP 05 (2015) 036]
SD dominated by neutrons?
Asymmetric DM?

Yes

Yes

Check lower limit
= If fulfilled, extract DM properties




Sittuation 2:
No signal is observed

o Simplest WIMP medigm needs revisiting

o From the theory side, we need DM models
with suppressed (DD) signals









Global U(1) and Dark CP S - §*

[Coimbra .- 2048 sim@ss 2017, Alefgra s @il . Argr g 20260
Muhlleitnerp: 2020, Lebedeigs 001 ]

|

= 2 (vy+p' +i0) = S > §* (0 > — 0): 0 stable, DM

U(1) soft breaking: Sealar

1 onange
Linear: V=" JTRA) res QSA

2 o

|

Quadratic: V,, = . TEAg ¢—— No DD

o
Cubif’:t Vz3 — 5/135

I . . o, -
QMO\T’&E,‘&: Vz4 — 5145 h,p 0 h,p

Annihilations inko scalars

Only 4 free parameters: v, mg, m,, s



v, = 100GeV, A = 1.1 | v, = 100GeV, A = 0.1
s, €[107°,1071] | | 5, €[107°,107"]

o linear od % SRS o linear

o cubic | ofL B o cubic

o quartic ’ ’ o o quartic

‘ 10~%°
500 1000 0 10




Goldstone Limik m < v. ~m_: EFT

CG ) V2 ) |
Zprr O T { (0G) Di—
p: 2 \/2
Quadratic

full theory
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2: Sterile neutbtrinoe Fmr%o&

[Coito, ‘Faubel, "JHG, S8nRtamaria, Bireais el E (/5 (20 SElE6 |

[See also: Esgiticro, Riug, ez, 2017]

Sterile Neubtrinoe N DM

‘llaiﬁl') (lllill') . ‘Illill')

xy — NN Ly x—> —)X

o Well-motivated by Light m,: seesaw, m, = mj/m
s Mojorana DM y, abundance via freeze-out of yy - NN

o EFT operators, Le. (No 1) (77 Np), and UV completions

18



Models A Models B Models C

Crelhutine
X N X

I ¢70- Z,7O_
5,0 o
N

| IIIIIII| | IIIIIII| | II',I"Illll .t 11T
L ‘0

f=1, uy =10* GeV| .5

I T TTTITI
L 1 1 111IH

PD at 1 loo
EZJC AL S |

[JHG,” Molinagg@, *ochmidt,

Connection DM-L:
Dirac v < p-wave (sub-GeV)

Model: A2¢c

| IIIIIII| | IIIIIII| | IIIIIII| L 1 111l
10’ 10 10° 10*
m, [GeV]







Visible Sector:
Mu&i-—-aampunem&: VU D (H,He L
Asvmm&ric: nB/n}, ~ife 10710

Dark Sector:
Several Campmmemﬁs?
‘Par&iattjwas:jm mekric?

Multi-component dark sectors:
symmelries, asymmetries and conversions,
D. Vatsyayan, A. Bas, JHG, JHEP1l0 (2022) 075

For an asymmetric freeze-in 2DM model with suppressed signals:

o See kallk b‘j Giacomo Landini on Thursclmj (PP)
[

JHGE Yoas landinig Do e Natsyvavain, wHED 05 g3} 4.9 ]



Mu&iwaompamemﬁ DM

[A. Bas,#JHG, D. "t syvavan, @R 094) U/ 5

o Conversions y¥; = xiX; change individual n; but not n,

1. Withoub cownversions: Q dominaked smallesk annihilakiowns

2. Wikh conversions: QQ reduced

1

1

Qt=Q1“Q20<

<6ann, 1 V> - <Gconv, 12 V>

<0ann, 2 V)

— Smaller couplings to SM: Limits relaxed’



E4fect of conversions

10_13 <0ann,2v> = 60 <0ann,lv> = 1.5 <O-conv, 12 V) =6 X 10_9 GGV_2

——— With conversions —> Livaiks relax
- — = Without conversions

Number d@msiﬁj of heavy (Light 1) DM reduces (increases)

20



Relic-abundance scaling:
Fawérwtaw behaviour

Suppressed. by mass = Lighter species dominates

__l Symmetric " Partially-Asymmetric
ol | o | Am [AmiGon/| Am [ AmiCon.

Mass-independent | 7 f(m;) |
Heavy mediators | ~m?/At | ~m 2 | ~m
Light mediators | ~1/m? | ~m? | "m0

Several aompmnem%s wikth similar abundances

For sighificant conversions, heavier (lighter)

components are more asymmetric (svmmeEmt)

1l



Mulki DM b Directk Deteckion

R.a 1
A | \Light mediators

Bumps in the sFaet&rum
[Blennow, Clementz, JHG, JCAP 20106]

J

~ Ihelastic

Haa\vv DM
chk& "bM T,

,.yliR

Kinkes &h@, spaﬂérum EE. Seaftidiy Wik Wil liams JEAD 2017]
22



Timemc&epemdené rakes

[JHG, «Scaffi1di® White, Wi lliamstsE R 20 1:8 ]

Exampie: DAMA Phase~11 resulks
Smoking quins of 2DM at low Ep:

Non-sinusoidal behaviour

Liaht DM 2DM mi mo o0} T, Xoin/dof p-value Z
e b - .
\ gest fit: my = 22.0 GeV, my = 80.3 GeV r =1 22.0 8.3 0.14 3.35 11.8/6 0.07 1.84

L 6P = 0.14x107% cm?, 1, = 3.35, y*/dof=11.8/6
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Are WIM?s alive?

N@SO&LVQ view:

Standard Z-mediated “ruled-out”
Standard h-mediaked “disfavoured” for m < 500 GeV
Standard Z' B— L, “disfavoured”

Fositive view:
Well-motivated,
viable models! E£.q,,
SUSY Higqsine
[Hissang, \Bder. i {
Hill et =8l i

115 120 125 130
mp (GeV)




Well-motivated viable models

Tﬁﬁﬁ_T—T—I—Ti

[Snowmass 2203.08084

Direct Detection

c{l—
&
©,
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O
=
S
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[Figures: from Corrona
2015. See also Bramante
2016, Compliitagi dorns
Hissano & Hill irec il

Split SUSY with universal gaugino masses

b
~

[ 10—48 '

10750}

10752

ino dominated

Neutrino background

pure higgsino

L/ |
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DAMA e ﬁtamaﬁmm?

[BRuttazo et al EP. 2l adh o5 () 28y |

—> Substraction of non-constant background [COSINE-100 2208.05158]

(e) Single-hit at 2-6 keV : (f) Single-hit at 2-6 keV

Residual

500 11000 }000
Days from Jan. 1%, 2016 Days from Jan. 1%, 2016

counts/kg/keV/day _1-6keV __ 2-GkoV RSN
This work -0.044120.0057 -0.04562-0.0056 SN dattian
DAMA/LIBRA  0.0105+0.0011 0.0095+0.0008 phase...

COSINE-100 0.006740.0042 0.005040.0047 c
ANAIS-112 -0.0034-0.0042 0.00030.0037 SABRBE ¢




NGB DM

[Coito, Faubelty JHG, Salltanaria, JHESEEE (2048). 002 ]

32



rlobal U(1) and darke CP

[Coimbra 20id3y Greess 201 7; Alda@ea o (), “Axira o
Muhlleitner 2020, Lebedeaa (G 27 |

S=— (v, +p' +i0) =>DM 0 stabilised by dark CP: § » §*, § - -0

Breaking terms

1 3

Only 4 free parameters: v, my,m,, s,



Possible symmetries of
the Po&emﬁat

|

f?;es[m&ed bv e — \/_ (vs g i@) kinetic terms:
2

- DCP:' S > 5% (0> —0), real couplings

- Z, symmetbry, 5 — =5

- Z3 symwmetry, 5 — &S

- Z4 symmetry, 5 = 15

We take the softest U(1) breaking term in each case

34



/, resulks, p resonance

B—Kp,p— 066 i BR(h — inv)

[Winkler,“BREOI (2019) GE5018]

—
7/’\
Z
JUTT

Hadronization

[Note: Uncertainties due to kinetic c&etouptivxg,
Bexrlin 200c. B nces v 0| ]

26



my=40 GeV, v,=100 GeV

mininal models

e linear

®

e quartic

my=130 GeV, v,=100 GeV

e linear

[ ]

e quartic

3
non-res. h e
e linear

¢ quartic

PO SO0 e O W By 000 2OMPP N P O AWRS, V00 S AR 0o & 00°

Difficulk to disentangle models in resonances

36



my=40 GeV, s,=107°

Forbidden

e quartic

Secluded

800 1000

Possible ko disentangle in secluded/Hforbidden

37



Bevand minimal models

See also Haber 2012]

Even if breaking terms are real, CP may be spontaneously broken:

G G 0
% v} lacos{ n— |} +bcos| ni— n,n' =1234 N (Vs it 6) oGl

N S : VS \/5

my=40 GeV, 5,=107>

¥
2.0t /]}2@% < ! ’
I\ Y - £ : . I )
QOC?Q}_ XQ% DCP violatign g “""Of'b de@.M o quartic
1.5} A Y C cubi '
c. %, NO ‘DM u X , cubic + quartic
%, s B
1.0t J?} : SFriem g0 7
a ]IUeaI, " ‘5‘3. 2 .
0.5 “Ubje g sz?
lineqr Quargig S 53:"."'-" DC¥ Frase.rve.d
0.0 E o«f&er U(l) $$8 .
quadratic + cubic ;‘g
cubic + quartic 2
—0.5} n el e SR - /"
a<0and b<-—a S 3 Secluded
~1.0 : : : n L : : : :
Y70 “g 6 1 5 0 ) 200 400 800 1000

600
v, (GeV) \iE\i U(l

3%

d




PNGB Limitk m < v: EFT

e K |H|2—V—2 (GG TGP |H|2—V—2 G2
EFT VS2 2 2 G HG 2

Vbreak — %/InSn o H GG

n—2
2 Ly W
G n /2
. . VS Gl AHSV
G— “Hn 2%
T T A
7 mé

A{ — C
HG G
9 VS2
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2
4l 2 i 2 .
- [mG<\H\ 2>G - Go, (14| )a”G]

o
C m n
PGl G
p: Vi 2

No DD ab bree level for n =2



Rodiative corrections, usS* kerm

[See also Lebedev 2021]

1 /12 2

~ L8872 D

% (4m)* m3

1 2 Apishs ﬂg
= H|°S2 =>4 ~

5 o | H | 12" i

e

l/1454 = AW 15 Bs

i ¥ (4m)> m;

Only 4y is phenomenologically relevant,

bub it is loop-suppressed



Cownstraunks

o Perturbativity, stability, global mininum
(v =246 GeV,v, # 0)

e Higqs boson properties, 5, < 1

o Relic abundance, 0.5 < Q)/Q p <1

o Direct detection, XENONLT Limiks

o Higgs BR(h — thv) < 0.16 (CMS 90 % cL)

Zi:é’,p ['(h — i)

c2ISM 4 zi:@pr(h — i)

BR(h — uwav) =

42



DM inke
sterile neukrinos

[Coito, Faubel, JHG,. Santigdria, Titow, g wias (2022) 086]

43



Tramewor e

DM stability by a Z, symmetry, y - —

{ENE - R

Neubrinoe masses bv skbandard seesaw:

Other options:
my Inverse seesaw, etc.



Effective opera&ors
o T o

0= WNpZ )iie) —7% E(NRVﬂNR)()TLVﬂ)(L) ; LNC
A I e

Or = Ny Npyp) = — E(NRN]C{)()(E)(L) , LNV

i ja" -
03 = NrNpUx) = = = Nen )G r“Ne) LNV

UV completions nclude new scalars

4-5



DM annihilakiowns

p

Vv
6V;(;(—>NN ="y + b?

| ¢, \2 + 4 c; \2 + 4 Re(cyc3)

b=—""|@+3c,?+ 12| ¢c; I = 12 Re(cycs)
ot | | ¢, | | 5| (23)_

0| 9ives p—wave or chirality-suppressed ( my) {ov)

ann
For ¢ = —2¢f — p — wave annihilations

46



Relic abundawnce yy — NN

O, = (ZVR)(L)()TLNR)

— mN=O

— mN=1 GeV
--- my =100 GeV

| IIII'II | IIIIIIII

Diraec v

10

102

m, [GeV]

Oy = Nex)WNryr) 0z = NENp)(xix)

10°

10%

10° 10" 10% 10® 10* 10°
m, [GeV]



Models A Models C

I
6,0

Model Dark sector particles Model  Dark sector particles

chiral fermion Y,
Majorana fermion y

complex scalar o
real scalar ¢

Majorana fermion

Majorana fermion .
J X massive vector boson Z’

complex scalar o
chiral fermion yy,

Majorana fermion complex scalar o

real scalar ¢ gauge boson Z’

C2 catgead B 1:2 N+ 1 y;

4%



Models A
X e %?‘ X
R

X




3
<
4
3
<
s
< |
0
prd




Models’ features

Model
AlLL A2 A AZ2c | Bl B2 L CI (2
Feature

s-wave av xx—>NN @ v

DD @ tree level

Self-lntgractlons

Creutine Nowhn-genuine

&l



f,=1,9,=1, my=2GeV

p — wave

é

. Qh®>0.12

Model: B1, Re. couplings

10’ 102 10° 10%
m, [GeV]

10°

0
0° 10 10 10° 10% 10°

fi=1,g=1, my=2GeV

Model: B1, Im. couplings

..,%u.m'l ,

m, [GeV]
e ssmes s Boaee L]l 2017



M(')d@l AZC: mN —N

Scotogenic-like mass. For m, K m,, ny:

/462 L Casas—-Ibarra generalisation:
(mN)..N E ff g ol
)] 16712m2 k” jk )(k X
T=m; k=1 f 4 y, Vv, m,
— 477
Need n, 22

o \/ 2m,m, uz



Thermal | »quittbrmm

f=1, m, =260 GeV, my =2 GeV, m, =100 GeV

e Chemical f.o. of
xx — NN,

¢ Kinetic eq. @,arij on
with SM via /IGH\H\Z\U\Z
for A5 = 107°,

e Kinetic eq. within the
DS via yN — yN.




Kinekic d@.«cuuptiv\g

[Berlipset gt 2016, Bigdar fam i 202 | ]

ka
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Mulki DM

[D. Vatsyayan, A. Bas, JHG, JHEP1l0 (2022) 075]

&6



Partially-asymmetric framework

[Graesser et al Z2011]

r ;
=S2:m-- L
PDM i l”l( A )

For mulki-DM:

00,1
5 ri— 1 s‘jmm&%r&{t

n.=Yr—Y r = — ’

¢ : O r; = 0: asymmelric

. a :
ﬁ = ﬂ <5ann,1v><”1 i ’7152(’”1)) 4 <0COHV,12 V}(rl . 1”2_’”1 ¢ (1”1))

dr~  Hx B CAr) ).
x=mlT
@__%_ o i = r,)° T Clr)
dx | S -<Gann’2v><r2 28502) = (Geom 12 > n3(1 — ry)? (r r 52(r2)>
= SlIl 1 ey I
FZEe e (2Yl> C(rz): I:




Amatv&c:at &Fpraximaﬁam

Oc

X
c ik k=2 1/2
O] D,(x, m;) = I ax’x 2.
T /v Xf

= —A, (1+f) n ©(x,m,)

/1a,i = E Mp, m, o;

1f conversions are significant:

¢ Heavier components = symmetric part gets
reduced expamem&i;auj bj conversions!

¢ Lighter components = mostly symmetric
&%



‘Par&attvmasvmm&rm DM

Asjmme&ria

~Mm

?&r&iai.i.v--

asvmme&ric

— Ann + Conv

— Only Ann

o Symmetric case - almost independent of m, depends on ¢
® Cc}mpiﬁ?&@ij a\ssjmm&?&ric - X nm

&9



2DM, symwmetric, m; > m,

o Conversions y,1; = 17; change n; but not n,

® Rolkzmann Eiqs«.:

dY, | Bt )

E = o <6ann, 1 V> (Yl s Yl) + <Gconv, 12 V>(Y12

de \) _ 2 /2

E " Hx <0ann,2v> (Yz & Y2) S <Gconv, 12 V>(Y12
N

vx:ml/T

&0



Discrete s;m melbries

5P ~Mareem: 1 Batells 201l ]

2ri
@gb—>0)q¢, 60=€Xp(7>,q=0,...,./’/—1

© 7),7;:{0,1} > 1 DM, Z,: {0,1,2} — 2DM Y m, <2m, .

© Zy: up to % DM scalar [Yaguna 2020]. J >4, o:

n +n, + &+ ngat least
Z”1 ><Z’”‘2 6t Zj; — ' :
Ny K Hi= ,¢/i— 1 as maximum

&l



Zy

[Batell 20147

o J prime: lightest with non-trivial Z/ charge is always
stable. Heavier particles stable if decay modes
iinematically ;} rbidden,

o /N composite number: A = pii p... pi¥, where p; is prime
and s; is natural

Z/VNZ1><Z 2)( Zp;:k’

At most s; +5, + ... +5; stable particles (spectrum).

62



10 DM aamgomev\%s

With cownversiomns,
- heavier tompomamﬁs
more suppressec&.

E — Ann + Conv

| — Only Ann

|
200

— Ann + Conv

— Only Ann




—_—
0.01- e T
Trieen.No conversions
e 107 -‘ | Bl Asymmetries with
i v X1 \ N i > |

107°F | D GGEIEE  colversions: 2DM

_3 . —— With conversié';_‘rm };nl — 20 GGV .
1077 Without conversions "_‘

T N T A N T A T
10 20 40 60 80

Mo =1MHp~ 1071

Heavier: 3 1077r " ]
more &svmmeﬁric - + _
| 10_16 L i) A B
----- Y; (n=ns) e

e Yi (II'I=0|) | T T T D




‘P&r&auv asvmmeérm

Asymmetric

— — = Symmetric

Partially asymmetric

&8



Effective models

¢ Cal parameﬁeﬁse cross—seckions U nmainy models as:

a; Lz for A < m; LM
1y

<0ann,iv> & 5 ’

b, F for A > m, HM

(m2 e m2)1/2
n;

<0c0nv, ij Ve i Gt ik

d:. — for A>m, HM

lj A4

&6



2DM dAireck d@.&éﬁﬁam

o P1
(1)) \ / (2) ]

n(v e —n(v
s 'y
77(%@):[ f der (V) B=12
’ %

v )

Competing effects: which DM dominates, heavier or
Lighter, &epamds on Ep

&7



