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SM problems with strongest

experimem&al evidence
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Many Possibi.e BSM paths...

How bto choose?

BSM F?&f:k s | Jeju Island

SSANGYONGGUL South Korea

JEJU SHINHWA WORLD
MARRIOTT RESORT

B )
R 3.';.’ 72

wha B p )

N"g{‘ ”_ .5
)
i~

I

o2
S

_ HALLASAN MOUNTAIN &5

Z &
!4

RBSM r.m&h 4

MYSTICAL DRAGON HEAD ROCK OLLE TRAILS ROUTE 6




SM as an EFT;
accidental symmetries

o Al renormalisable (& Per%wrba&va) level, Lep&ov\ (L)
and baryon number (B) are accidental symmekries

o At D =35, L is violated in 2 units by the Weinberg
operator LLHH: Ma jorana neubrinoe masses, m, ~ 2/ A

o At D =06, B is violated itn 1 unit bj O0O0L and other
opem&ors: nucleon c&ec:ajs, ), = mj/ (8zAY)



Possible energy scales

10> GeV

104 GeV

1000 GeV
100 GeV

1 GeV

Protown Decay, &UTs, SO(10)7?

m, (seesaw)?
BAU (leptogenesis)?

WIMPs? Babis

SM Sector
abt Low
scales?

Asvmme&rm DM?
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Neubtrino mwasses ab bkree level: seesaws

[Minkowski, Yanagida, Gell-Mann, Mohapatra, Glashow...]

yLHN, mNN YLH2, m2.2.
yLAL, uHA'H |

B c
H-, - H
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Simple, GUTs, leptogenesis, but huge scales:
very hard to test and hierarchy problem



“;T*i, JHG, S"éne Marciano, Davide
)na-Vatsydyan, 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

o Standard seesaws from CS(O)‘.’ difficulk to test

¢ New genuine models: ho CS(O) generated, smaller scales

10



List of genuine models

[Seedaliso. MaPonald JHEE G (28] 39 (70 ]

@“) = LLH¢), O LY D" S = LLp,

New Scalar Multlplets Fermion Medlator
1
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The p pmame&er ab tree level

—> New VEVs always small, v; < O(GeV) <, so A |
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Na&urai.i.vmsmaii induced VEVs v,

For example, for A}, ¢ = (4, — 1/2):

V3

IIllX 1 2
.
<

V2 A1 @ H)HH)+H.c. = v; = 1

= v, < v for v < m; and/or /

le 1

D > 5 Weinberqg operators
with the SM Higgs doublet:

0

AZ_ LLHHHH) =

[Bnemjiatl ot al 2018]
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Neubtrino mwasses ok one Loop

loo
(My) s = 01 Amix,1 55 8 5 Z Y1,ak Y1,8k Mk Fo(mgyr,mgy1,my)  for A,

k=1

,02

872
2

| (Y
(ml/)(;)gp = K; Amix,12 8? (ylyg' + y2y,_1r)a13 M}- F2 (mqbl y Mg M}_) for Bi )

(m,,)lOOP — 52 )\mlx 15 o (yHyclr + ylyIE)aﬁ M}' FZ(mqbl , M H, M]:) for A2 )




LQC}F? versus ktree

Mg > M, 4 €[0.1,1]

® Model B, (d=9)
® Model B;(d=11)

i //,”/
= Model A, | — Model B,
— Model A, Model B; 4

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
My [GeV] My [GeV]

In A, and By,, for My < 500 GeV, tree level

dominates. In B;,y, loop level always dominate
18



‘PseudumMajuroms

Loop tree Loop Eree
+ v * ¢

Imloop/rntreel <1
" | Mygop/Miyee| < 0.5

B [Migop/Miyee| < 0.1

[Ag] =1
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Doubly-charged scalars
at colliders
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My and EWPT at 1 loop

Perturbativity Model A1

Scalars mass spLLEEMg

800

1%



Low=-scale versions

Model A|: Majorana mass = ihnverse seesaws

M(}de’. AZ: ylvl < yHVH ( 4 ) ( “Vl ) % 1,M97 ~ TeV
Grey
i bl )

-

B_ 1 Richest phe.w:p

MOdﬁt Bi: ylvl < y2V2

LEV and modified Z, W couplings to leptons (FCNC,
non-universal, non-unitary PMNS) from D =6 ops. like

0= (L) 04 (BiL) = i3y 5107
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(Generalised) Scotogenic-like models

[Ma 06 , (Hagedorn, JHG, Melinerd s ochmide 18708

NOM“F&T‘E
effects
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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

Proton decay probes highest energies

RR



Experimwental perspectives
p persp

p— et !

p— et !

predictions

p—etK°
p—>,LL+KO
n — vK°
p— KT

p— K"

predictions

HK: Design Report, 1865 0] 635

Soudan Frejus

L i R
minimal SU(5) minimal SUSY SU( )
T : ;:fllppedSU()
| SUSYSO(10) |

6D SO(10)

~ non-SUSY 30(10) Gz

_ DUNE (40 kt)

minimal SUSY SU(5) SRR :
PooF i of i . non-minimal SUSY SU(5)

- 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
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[John Gargalionis, JHG, M.
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Limits on dimension-8 operators
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37

EFT for loop level
proton c{ecav, D=8

[John Gargalionis,
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Limits on dimension-9 operators
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D = 6 Llower Limilts, RGE effect

[Arnau Bas, J. Gargalionas, JHG, A. Santameria MesSchmadt, 1in pEagasat 1on|
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D =7 lLower Limits, RGE effect

[Arnau Bas, J. Gargalionas, JHG, A. Santameria MesSchmadt, 1in pEagasat 1on|
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Wilson coefficients, D = 6

[Arnau Bas, J. Gargaliionis, JHG, A. Santamaria, Mg Schmidl, 1n preparetion]
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Wilson coefficients, D =7

[Arnau Bas, J. Gargaliionis; JHG, A Santamaria,WWMaeSaenmide, 111 prefdracion]
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The 3rd International Joint Workshop & The 11th KILAS Workshop
on BSM and Cosmology

November 2023, Jeju Island




How is m, generated?

e U oscillakions imgbj that ' are massive
o Al least one v has a mass > 0.05 eV
o However, in the SM m, = 0: need BSM physics

o Which is the UV f:c:rmpi.e:&c:;m of LLHH?

34



Neubrino mwass
mechainisms

¢ Tree level. Seesaws I, 11, 111, SLMPL@., GUTs, Lep&agemesis,
but huge scales: very hard to test and hierarchy problem

o Rodiakive, More testable, but 0(100), Classified b3:
1. Topologies at a loop order (up to 3 Loops)

2. AL =2 EFT operators beyond the Weinberg operator

Review “From bthe Trees ko the Forest”

36



Loop-level models

Zee, Cheng-Li, Babu, "Ma, Bonnet, Cepedeu.c, Aristizabal-Sierra, Krauss, Aoki...

CLBZ-10 PTBM-1
G

\v/
'
|
-

AKS models. Cross diagrams may exist. Fermionic Cocktail models.




Particles that generate Weinberg operator

TOHG -+ME Schmidt, EPGUSHEa(Zii i ad Jiue &

Tree level Loop level

i Upper bounds: Lower bounds:
i - Neutrino mass (blue bar) - Nucleon decays (hatched)
- Higgs naturalness (red arrow) - Collider (black/white circles)

N A ZOLl h k E Zle X, , prelsrees el
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¥
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Seesow th[z?@. I

[Weinberg], Al ==

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

o UV model: heavy 1, seesaw Type I




Scalar Fo&ev\% tals

Vy(H, @) D Ag P*HOD + 4y HOHD + Ag H*®HH + H.C.

V, (H,®) D> A(PHHH) + H.c.

Vp (H, @, A) D L A*D*H A + A,(A*D*H A)' + ;0% O*H H + 1,0 O*HD + 1sP*H*HH + H.c.
Vg (H,®,A) D AgH HHA + A;HH®A + JgHPDA + AgPPDA + H.c.

Vg (H,®,A) D A A*OHH + L,A*AD + L;A*ADD + | H¥*HDPD + +AsHHAA + 1,OPPD + H.c.

V. (H,®,A) D LHHOA + 1,PAA + H.c.
Vg (H, @, A) D L A*OHH + J,AAA + 1;0*PA + },H*HAA + +AsHHDA + 1, AAAA + H.c.

329



LEV Limiks

Experimental Bound: BR(l, — l57)

Model Bounded Combination ab = pe 13 af = Te_s b =Th 5
<4.2x10" <3.3x10 < 4.4 x 10
A

Vg, ¥, |(TeV/ M)’ < 0.0002

- As v, U3, (TeV /M)’
Vg, 5, — 0597 y3, [(TeV/M;)?
| Bz | Iyg, v, ~ 50ug,y5, [(TeV /My
| Bs | gy, — 2120608, |(TeV/My)*
 Ba | |y, 3, +66y,,08,1(TeV/My)?
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Proton d@.«:‘&v modes

| JUNO, 15U J - (he Gl o

p—e*no
n—e*n
p— u*nad
n— u*m
p—vmt
n—vnao
p—>e'n
p—>u*n
n—vn
p—>e*po
n—etp-

p — u*po
n— utp-
p—=>vp*
n—vpo
p—=etw
p—>uro
n—=vw
p—etKO
n—etK-
n—-eK*

p — utKO
n—u*K-
p—>vK®*
n—vKO

p — e* K*@892)0
p — v K*@892)*
n — v K*892)0

1033
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