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"M Probmms with strongest
experimental evidence

Dark

Dark sector?

Makbter

" what s\
the new SM?

Baryon

i Asym me&rj

Masses

Seesaw? Lep&ogenesis?



Queskions

i.  What malkes dark makter (DM)?
How is DM Froducaci i the eartv Universe?
How can we delect in bthe Llab?

L. How is ng/n,~6 - 107 cijvmmic:auj generated?

il By which mechanism do neubrinos obkain their Ei;wj
masses and large mixings?

iv. Are these erobt&ms relabed?

&



Possible energy scales

10>13GeV Proton Decay, GUTs, S0(10)?

v, BAU

14 m, (seesaw)? ab high

1075 BAU (Lap&ogaﬂasﬁs)? scales?
1000 GeV WiIMPs? Dark
100GeV  sm Partially -  Sector

Asymmetbric? sidann

scales?

1 GeV Asjmmeﬁrw DM? ¥

7
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R “‘syﬂﬂneat :.“s‘.l.n'.axt‘ende$dark sectors: :, >,
- coge‘ne-s?.s .s.ge@rro” JHEP05 (2023) Q4Q

G:Lacomo Land:Ln:L JHG Drona Vatsyayan.

e e




Visible Sector:
Mul&i,mtompomen& vt e, il Fle. .. ). .,
Asymwmetric: ng/n, ~ 6 - 10710

Dark Sector:
Several tomponen&s?
Partially-asymmetric?

“Multi-component dark sectors:

symmetries, asymmetries and conversions”,
A. Bas, JHG B, Natsyavar @ aEsEaiiaet 202 ) 075

2



DM produc&&om
and nakure

| No&ure

@mme&ric] [‘P&r&iau.v - Asvmme&riaj [Asvmmehia‘j

Mechanism : :
£ 0.9 o8 0.01 <r,<0.9 : r; < 0.01
Freeze—out Qv « 1/{oV) : Qpy =f,m,ov)  : Lpy xnm,
Freeze-ta Qpy & (ov), T ¢ ?

[See Hall 2010, @fl@éok 2011, Unwin 2014]

“Asymmetries 1n extended dark sectors: a cogenesis scenario”
G. Landini, JHG, D. Vatsyayan; JHEP0S5 (2023) 049

- Lote decays of an asymmetric particle
- Multicomponent DM naturally emerqges

- Ewmbedded in a cogenesis scenario (m, & BAU)

10



Coqgenesis: connects m, BAU and DM

[FalRowsk#tet al JHEE:RD @t L) 1.06]
[See . also Hall etsgl 10100245, @@as ot al 20207

L = — Y L*AN, — i oNENI — yi SNEy +H . c.

At T < My, CPV decays of RHNs: 2-sector leptogenesis
AL #0,Ay = AS # 0 for O(1) complex y,, s

my, — s Yy
MN

AL — AB: sPhaLeroms

11



Extended coqenesis framework

[G. Landini, JHG, D. Vatsyayan, JHEPO5 (2023) 049]

Z = yV‘L“HN’ yg UN;{N{e — yg SN%)(—y(p pyy+H.c.

b Ys
‘ ‘ In eqmubrmm

Freeze—in of v

@ ¢ thermalises

Idea: Dark asymmelry transferred via late decays
Y= v+ ¢ ofter y symmetric population has been erased

V2 T
M= = Yy
‘AlN

AL — AB (sghatermv\s)

We cownsider 1, = 1p ~ 1

12



2DM asymmetric model: y+ S

DM stability &
e ZO’FIN;e — y;j GN;.QCN{Q — yé SN%)( Yy +H.c. 3N, Dirac fermions

Field Spin = U(),_, UL, U1,
my (o) 2 10" GeV Npadliam 0 0
&% L0 +2 0 0
Yo M 1 1 0
W, e 0 0 +1
Y Y5> 81, 8p ~ O(1) v
S, 0 A 0
& < Ly, < 1 = youbt-of-eq,
¢ 0 +1 -1 +1
My, >m,>m¢c2m, > m
N S~
1 7 W ¢ b, 7 AX

Gauge $58: U(l)y_; ® U(1)y ® ULy ~2 U1y ® Uy ~25 Ul

G @ @ @

DM candidakes L3




Vb

Y Wt ¢ =2 controls y nature

No i thermalisation: y, <35 - 10:4

1078~ P Early decavs [mx= 3.5 TeV, A = 1]
- - =018 Before yi — 7,7, fo.
: ﬂf AX A df Symmetric DM
10~° 3 Freeze-in fy >0.9 ;
10 Partially asymmetric DM _
: E 0.9>ry,> 1072
10—11 L ]
: e \
S ) ]
10712 Late decays I Asymmetric DM~ & -
: — — ry <107 .
107" r
: r <(0.1-1)s B
107! 10° 10!

m, [GeV]

Fem, > 1, = m, /20
Y, > np

Npl, <K Y < 1p

T < m)(/ZO
Npl, > Yy




- Sfrom N> y+ S

! LHS y |
-Sfrom y—> S+ ot EX My, Os=y,ys e mediates it
N

1

- BR(y — S'y) |yS|2m
- BR(y— wd) - yzMy

A

~ [and Tg)/ TiS)] control nature of S

R > O(10): R« 1:
Svmme&rm ASjmma&ria
Y5+ Y] ~ 21y Y§ =np
Mg %:2.5GeV <”—B>
"D

—> Scenario & see laker
18



BR(y — S'v)

DM scenarios RE s~

1) population S population 10794 /+/np /1B R Tl()S) /T
Asymmetric Asymmetric < 0.06 <1 Any
2 Asymmetric Partially Asymmetric < 0.06 O(1) <1
1-2 Asymmetric Asymmetric < 0.06 O(1) > 1
3  Partially Asymmetric Asymmetric 0.06 — 2 <1 Any
4 Partially Asymmetric Partially Asymmetric 0.06 — 2 O(1) <1
3-4 Partially Asymmetric Asymmetric 0.06 — 2 O(1) > 1
5 Symmetric Asymmetric 2 2 <1 Any
6 Negligible 1T9M: § Symmetric ys S5 x 1077 2 0(10) <1

gp=05,My = 10" GreV | Vg |¥s1)
m){ = 3.5 T@\;, mZD — 500 GQ\; __(10—12,10—3) | —

mw(nD + Yir)

Hp!hg




Smoking qu:
v Line from S decays

At E<<m, <My, Of= LHS ¢y generates (for mg > m,):

| Vs |2)’425 Mg [ Vg : m, mt/zf
I'(S—>yw+uy) = v p 1__2
T m, My, mg

L - 5 cosmologically stable:

To> by =4 X 10! s
- ID with v 7o > 1055

[Palomares—-Ruiz 2008
GatrelgsCelytet al 2017,
yy’ Bone el all 207 0]

m
Prediction: v line ot £ = 7S ~ 0 (GeV)

17



1071

BR(y — STv)
BR(y — w¢)

R

['70 = 'IB]

5 . line

Scenario 1

ry < 1072

Asvmm&rw M»; Parc, As

S—>y+uy
ts(nqpm/ns) [s]

. 1023

- 1024

— 10%°

Y. WSjmmaﬁrm

[DM masses such that abundance reproduced at every point]




Scenario & 1 DM, S

! ~ BR(y = S™v)
- ys~ O(1), y; tiny: R = BRG S wo) 2 0(10)

- Asymmelric production of S and ST from decays:

b
1Y N 2 S+ y: S thermalises and is cold
% S S
Yy > STtV (m, > my), after S fo. (Tz()) <T?): § warm
- S+ 57 mix cold + warm, with abundance asvmmeﬁrjt
1 = YST > ==t Al 5 N (’73/’7D>
- Enhanced ID, from Higqs por&ad. Ao (H TH)(STS)

Further studies may be interesting

19



SJHG, S. Mariano, D. Meloni, D.
Esyayan, 23XX.XXXXX]
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Extra scalars ¢; at EW scale

c0 e c? e

Lrpr D —LLHH + ——LLH¢; + —LLp,¢b;
EETE A A ¢z N ¢z¢z A

LLpp; +H.c.

Mo jorana Vector-Like
mediators mediators

e Standard seesaws from CS(O)‘.' difficult to best

¢ New qenuine models: no CS(O) generated

1l



List of genuine models

[See alsoMgbonald "JHERsG T (2013 ) +020]

N -2 gk
S S 3
——LLH$; + =—LL$ + ——LL¢dy; + H..c.

(SUQ),Y) A A
\

(my)aIB — €1U1V (yHM];lyir +y1 Mg yH) af

(mu)aﬁ — €3V1702 (ylj\4];1ygI T ng; Y1 )a

R2



The p parame&er abt kree level

Model B, - Model B,

Model B;

—> New VEVSs aimafjs small, v. < O(GeV) <V, so A |

R3



()

VL

Na&urai.i.vmsmaii induced VEVs v,

For example, for A}, ¢; = (4, — 1/2):
Vo A1 @ HHH) +H.c. =y

HllX 1 2

— v < v forv< my; andfor 4 < 1

mix 1

H) (H) l S(H
7 D > 5 Weinberg operators
with the Higqs doublet:

0
n

P\

[BEemiaeitl ot al 2018]

R4



Neubrino masses ak one i.oop

| | H
MOC&@-LS B I _§_ >{Gemeraiised]

¢ Scotogenic [Ma 0&’]

/
/

N ¥ wodels with DM
P1 .oV
. L, [UD)]

\
\
\

¢

> Y as >
FR Fr
1 v =
(my)oi’gp = 01 Amix,1 ) Z Y1,ak Y1,8k Mk Fz(m(¢1)(z)z,m(¢1)6,mk) for Aq,
k=1

2
(my)g’gp — 52 )\mix,l P (yHy%1 + ylyIE)aﬁ M]: FZ(mqblamHv M]:) for A2 )

(¥
(mlj)lo?lgp = Kj Amix,12 8? (ylyg1 + yny)aﬂ Mf F2 (mqbl y Mg MF) for Bi 9

In some cases, L@OF? contribution may dominate



Kich pkemamematwgv

Direct searches of new scalars ab colliders

Lepton fLavour violation (u — ey, ebe)

EWPTs

Modified gauge boson couplings to leptons and

non-unitary PMNS fyom D =6 operators like
i <Za§51) iy, D" <€/§J{Lﬁ>

RE



‘Dmubifjmthargec{ scalars
ak colliders

—_
o

O
oo

|- Same-sigh L@.F?Eoms, o
V:

P 10 2
m,
:; +
" %

o
(o)

Decay BR ¢**
©
AN

o
N

. Ordering
T+ N ¢i + X ‘\“ Normal

Cascade decays o, T Inverted

0.0

107° 107° 1074 0.001 0.010
U¢[G9V]
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Rt e e
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¢ 7’ A RS h N
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Py ¢ % Je o\
" G e S
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My, and EWPT at one loop

Perturbativity Model A1

Scalars mass spLLEEMg

800
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B: Protown Decay

B expected to be violated at large energies (< M)

BNV: necessary to generate the AU [Shakarov 1967]

Anomaly cancellation and GUTs: quarks - leptons unify

OQ e QL
At D=6, A(B - L) =0 operators * | E

A ——— )

Ej. uued, SK ©(p » €T ") > 2.4 - 10°%y = Agny > 101> GeV

Highest energies probed

30



Experimental perspectives
p persp

HK ‘Besign. Report, 806,041 63]

Soudan Frejus

p_>6+7r0 ; l‘ni.i.n. . . @ & @« = = a s - . s s e : : ::::::
C o COLEL S minimel SUSYSU()
p—em SR P §§§§5§5 R
predictions S R A P g:ﬂlpped SU()
SUSYSOUO)
non-SUSY S0(10) Gezeo 8D S900)

p— et K°
p—ptK° N EEA(EERE - — L iiiit
n— pKO| @uegjm— AND . 0 i i DUNE (40 ky
7K Tpm———— amLAND i guNE
p— oK ' gm— Hii
minlnmal SUSY—SU(_S) _ j . = 2 = e a2 a2 . = -: - 2 = = . = .
p— VK™ b TR o minimal SUSYSHR)

predictions S :
~ SUSY SO(10)

» » nnnnnnl u u nnnunul . u = = = § ®m &

32 33 34 35
10 10 10 10

/B (years)

BNV could be bthe next big disacwarj
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Tree-level limits on SMEFT operators

p— et

1111

EFT Proton c&e«z‘:av
at btree level, D <7/

[J. Gargalionis, GHG, M. Schulssl , 25X DGEe

p— mlet

1111

QU

IS
)

Q)

p— nle™
Operator D L
1 6 1 @l p— mlet
3 6 1 1211
4 6 1 ldudH - p— Kv
; A ]
qd*H n— Kte”
6 7 1
7 7 1 ld*H - n— K'e”
8 7 1
9 7 1 d2ql H> - p— Kt
].O 7 1 lug*H3 . p— K'v
S&uc&v of RGE and correlations . I o
eq n— e
[A. Bas, J. Gargadsienime UG, 1112
A. Santamaria, M. SchmidE, =G mies e =i 10* 10° 10”10 10%

Lower limit on scale [GeV]



EFT Proton c&eaav

DL,Q,Q,d\H
DL,uld\d\H
DL,ululd HT

i : HTHT
é;thQqustEI
LyQqd}, dyHH
DelQ ulalHf
L,Q,Q,Q:HH'

De}Q,uld H
&5Q,Q,us HH'
ehululdiHH'

[J. Gargalionis,  JHG, M. Scihn is -

CO GO CO OO GO OO CO OO GO Co 0o Co 0o

ak tcmtz:' level, D <9

2 3XX, XXXXX |

ek ek el e el el el ped e ped ped e e

Limits on AB = AL = —1 dimension-8 operators

p — mlet
1111

p — mlet

1111

p — mlet
1111

p — mlet
1111

p— KTv
1311

p— KTv
2113

p— KTv
1131

p — mlet

1112

p— Ktv
2113

p— KTv
3211

p— Kl%*
1211

p— KTv
1131

p— Ktv
2113

p— Ktv
2132

10* 10" 10" 10%  10'
Lower limit on scale [GeV]
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‘Par&muvwasvmme%ric DM

[Graesser et al 2011]

v
=Y mul 19—
PDM zl: lr]l< | = )

e

asvmmeErit svmmefzré«t
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Erasing y symmetric
population




Erasing 5 symmetric
po putaﬁmn '




Decays y — ST+ v

After freeze-oub of S, Tz()S) ] Populate

sjmme.&rw c:ompomem&, no active annihilations:

R

Vi AV
S Hp S 1+R77D

Before freecze-out of S, Tz()S) o

Annihilations active, va'&i;at washout, asvmmeﬁrw:

e Ve
q 1__R77D S S
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Monochromatbic U Line Limiks

[Coy et adly- PliWaaRev. D L UGG 10 ellc s (144 ]

p—

(e
N
o

Age of the Universe — - —
Solid: my = 1 GeV
Dot-dashed: my = 5 GeV
Dashed: my = 20 GeV
Dotted: mp = 50 GeV
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Scelnarios

mw(ﬂD + Yip)
npMs f(R)

QDM

Qp np(l + R)m,

U IR i V)

R
e TS > 7

m,(p + Ypp) + npmg f(R)

(0 S Opm/QB Qs /Qy,
Asymmetric Asymmetric
LD x — vy FO S'S — ¢p np My+ms My
Y, =np Yd =np ng  Mp mg
Y, <Y, Yo Y4
Asymmetric Partially Ta,symmetrlc
FO S'S — ¢
LD x — v L LD v — Sty np My +(1+2R)mg my,
Y =np/(1+R) X L 8 (I+R)mp ms(1+2R)
Yy <y Ys' =1
¥ v Y =npR/(1+ R)
) Asymmetric
Asymmetric FO 5'S — i
LD x = ve +LD x — Sty D My tms T
Y} =np/(1+R) + X L nB (1+R)myp mg
v Y- «<Y?' Y¢ =np/(1+R)
P Y YS_ << YS+
Partially asymmetric Asymmetric
FI + LD x = v¢¢ FO S'S — ¢ my (Np+Yr1)+npms my (Np+Yg1)
YJ =Yr1/2+ D YS+ =nD nBMp msnp
Y, =Yr1/2 Yo <Ys
Partially A i
Partially Asymmetric ar‘;?) ?;,7 Ssy_r)nmetrlc
FI +LD x — g LD sty My YD (1 2R)ms  my(np+Ye)
Y, =(Yr1/2 4+ np)/(1+R) Y"'X— . L ne(1+R)mp msnp(14+2R)
Y, = Yer/(2(1 g = o
v TIRICRUEE) s~/
. . Asymmetric
Partially Asymmetric ;
FO S'S — ¢
FI +LD x — vy L LDy — Sty my, (Mp+Yr1)+npms My (Np+Ye)
Y, =(Yr1/2 +np)/(1+R) X L np(1+R)m, msnD
Y, =Yri/(2(1+ R)) Ys =no/(1+R)
¥ Yo < Y4
Symmetric Asymmetric
FI x = v FO STS — ¢y np My (Yr1/nND)+ms My Y
YJ = Yr1/2 + np =~ Yr1/2 YS+ =1ND nB mp msmnD
Yi/)_ = YFI/ 2 YS_ < YS+
Symmetric
FO S'S — ¢y
Negligible production + LD x — Stur <1 1D %ms-
v S+ — o nB Mp

Ys =np



2DM Pm*ame%ar space

Qpy  MyUip + Yep) + pms f(R) . 1+2R If 7O < 1

Qp (1 + Rym, 7O > TS

& scenarios, (y¢, [ vs!)

(10712,107%) | Scenario




Seesow th[z?@. I

[Weinberg], Al ==

%
m o CVX >0.05eV => A < 1014 GeV
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