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Introduction

* The Standard Model rocks as an EFT at low energies.

* However, clear evidence calling for new physics beyond:
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Introduction
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Neutrino masses

7 N <=> M,#0 <~ 3w
-0

* We do not have any clue about their nature!

LN Conserved LN Violated

* Neutrinos are Dirac * Neutrinos might be Majorana
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The Simplest Theories for Neutrino Masses
et
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Extra symmetries:

=>
U(l)B,L, U(I)B, U(I)L global
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The Simplest Theories for Neutrino Masses
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The Simplest Theories for Neutrino Masses
et
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Extra symmetries:

=
U(l)g—r, U(1)g, U(1), global

<«

SU(3)e ® SU(2)L ® U(1)y @ U(1)x = | U(1)x = U()x=p|

« Connection: me\‘ >
-~ @

* Dark Matter candidate: XLy Xk ~ (1,1,0,n,) = x = xr + Xr
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Gauging U(1)p_1

and leaving it unbroken
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U(1)p_, unbroken

Ly, D ixePxe+ i)?RlD&R — (Yol ioyH* vg + My XXk + hec.)

1 '3 *ﬂ"
_7(MZBLZ§L£ + BHU)(MZBLZBLM + OHU) L:‘::‘:J !

2
Stuc Kel \-ﬂj Mechanis ™

iq‘ternd?pn with Za

* Relevant parameters: ‘an Mz, , 8L, "x‘ (ny #1)

e Annihilation channels:

{

X >\,z\/\<
% {
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U(1)p.L unbroken

 Parameter space allowed by the correct relic abundance:

Mz, [TeV]

25 25
Stueckelberg gpr= 1.5, ny= % Stueckelberg gpr=2.0, ny=3
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. XenT,
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Light Relics

4

T, \* () ) *
AN = Nt = NSY = Vo (72) = N, (;Tdsc)
VR

Decoupling temperature:

0.40 -
D7) = H(TE) — U,
0.35\ WL}
Bounds from Planck:
Negg = 2_99j8§‘3‘ é 0.30F \ Planck
= ANg < 0.285
0.25F |=
M -
= 2 > 10.33 TeV
8BL
0.20 : : :
10 15 20 25
My /g [TeV]

Projected bounds from CMB-S4: AN < 0.06 at 95 CL!!
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U(1)p.L unbroken
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Direct Detection
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Mg, [TeV]

U(1)p.L unbroken

25 T T T T T 25 T T T T T
Stueckelberg gpr=1, n,= % Stueckelberg gpp= 1.5, ny,= %
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» Upper bound around 20 TeV!
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Gauging U(1)p_1
and breaking it by 2 units
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U(1)g. broken by 2 units

50 Su"( L,2,9, I)

Lypy,, O iXePxe+iXeBxg+ (D.Ss) (D" Spr)
_ LY i
—(YUKLiazH*I/R + M, XLXR + sz/,ZCyRSBI + h.C.)

* Relevant parameters: | M, Mz, , gpr, ny, My, M, Op

(ny #1,3)

* Annihilation channels:
X
W +
% f
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U(1)p_, broken by 2 units

Lupy,, O iXcBxe+ ixeBxe + (D,Sp) (D" Spr)
7(YDZLZ'O'2H*Z/R + MX)_(LXR + yRVITQ-CVRSBL + hC)

* Relevant parameters: ‘MX, Mz, ., gpL, ny, My, F)BL‘

(ny #1,3)

* Perturbativity sets an upper bound on gp; :

T
LD g3 (2)*Sh S 251,28y = gpL < \/;
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U(1)p_, broken by 2 units

* Forn, =1/3,0p, =0, M), =My =1TeV:

25 = 1
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* Upper bound around 20 TeV!
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The Simplest Theories for Neutrino Masses

X
i “% ),

& <

\1,\6“

Hing®

Extra symmetries:

=>
U(l)B_L, U(l)B, U(l)L global

<y

SUB3). @ SU(2), @ U(1)y @ U(1)x :\ U(l)y = U(1)x—t \

* Connection:

o LT ]MJD
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Gauging U(1),
and breaking it by 3 units
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U(1), broken by 3 units

sp Se(1001) X 3-1s mass

ﬁU(A)L ) i)szxL + (DHSL)T(DHSL) - (iXZCXLSL + h.c.
o R R R Ry 2

—
Afier $SB 3
2

P. Fileviez Perez and M. B. Wise, JHEP 1108 (2011) 068.

XV X2 — gufvuf Z — Nixochi —

M. Duerr, P. Fileviez Perez and M. B. Wise, Phys. Rev. Lett. 110 (2013) 231801

P. Fileviez Perez, S. Ohmer and H. H. Patel, Phys. Lett. B 735 (2014) 283

* Relevant parameters: | M,, Mz, g1, My, HL‘

* Annihilation channels:

Jom 581
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U(1), broken by 3 units

3 1
Ly, 38X XZY = gifvuf 28 — Nixxhi — =My X" Cx

* Relevant parameters: ‘MX, Mz, gL, Mp,, GL‘

* Perturbativity sets an upper bound on g :

V2
LD 8%(3)ZSISLZLMZEL = 8L < 737T
...and also on the \,:
M,
A <2y = 3g <2y

Mz —
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U(1), broken by 3 units

10°
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Upper bound ~ [1 TeV, 10 TeV]

arXiv:1905.06344, 1803.07462 Clara Murgui



7’\ a . @ A, £0010)Tv
u @

L= } L Ditac AR N
ML Ve dro«j boounds J"O"‘ U.“ > cnp-SH will ro\x Jhese heover |
" 1 =

L_/’/y rmJi:k aOM Z!!

arXiv:1905.06344, 1803.07462 Clara Murgui



‘ ‘

N/

arXiv:1905.06344, 1803.07462 Clara Murgui



Thanks for your attention!
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Back up slides
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U(1), broken by 3 units

X X G iMoo Y
>N SL(h) = £ sin Gy cos? gpMi X [ ) g2
CRL N TR OV V) T
P NG
N N
10-#

sinfl = 0.2 -0.3
sinfl = 0.1 -0.2
sinf) = 0.025 — 0.1
sinf) = 0.0 — 0.025

15 20

M, [TeV]

arXiv:1905.06344, 1803.07462 Clara Murgui



U(1), theories

Fermionic representations in the model proposed in Ref. 1403.8029:

Fields SUB)e SUQ2), Uy U(l)
\I,+
U, = ( q/Lg 1 2 i 2
s
g = ( \I/é 1 2 3 -3
370 \/§E+
=2 L L 1 3 0 -3
oy ) |
x? 1 1 0 -3
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U(1), theories

Fermionic representations in the model proposed in Ref. 1304.0576:

Fields SUB)e SUQ). U(l)y U(l)
U, = \I‘Ing 1 2 -1 -3
g = :IIJII?: 1 2 -1 2

g 1 1 —1 -3

n, 1 1 -1 2

X% 1 1 0 -3

Xy 1 1 0 2
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Upper bound U(1)p,

4 2
_ - ghin
o(xx = ff) o« =k

o(XX = Zp1Zp) < ggn 2

arXiv:1905.06344, 1803.07462 Clara Murgui



Upper bound U(1)p,

- 1
a(xx = ff) o ”Zp

_ 1
o(Xx — ZprZpr) 84BL”4P

n<l

(Lx D goilyuZpl)

Perturbative bound = gp; < V27
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Upper bound U(1)p,

- 1
o(xx = ff) ”2p

1
o(Xx — ZpLZp) g4BLn4P

i<

(Lx D gprlv,Zhl) (Lx D ngpr XVl X)

Perturbative bound = gp; < V27 Perturbative bound = n gg;, < V27
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Upper bound U(1)p,

- 1
ol = ff) < nig

< 1

U()ZX — ZBLZBL) X n p

(Lx D gprlyuZh X) (Lx D ngpr XVl X)

Perturbative bound = gp; < V27 Perturbative bound = n gg;, < V27

n
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Upper bound U(1)p,

- 1
ol = ff) < nig

< 1

U()ZX — ZBLZBL) X n p

(Lx D gprlyuZh X) (Lx D ngpr XVl X)

Perturbative bound = gp; < V27 Perturbative bound = n gg;, < V27

n
What if n — oo ?!
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Upper bound U(1)p,

In the hypothetical (non “’pheno-interesting”) case of n — oco:

4 2

_ S, gpLh
o(xx = ff) « I’?ﬁ

ZpL

a1

O'(XX — ZBLZBL) X H4F

!(thol;)z ~T%(Zpy — Xx) o g n* A2
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Upper bound

In the hypothetical (non “’pheno-interesting”) case of n — oco:

4 2
_ <, gpil 1
o(xx = ff) o vy
rZ, A2
_ L4 1
O'(XX — ZBLZBL) X n P

Vet )2 o 122y — 1) o ghun®A2

VO 9O 9O 9O

-w W w w
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Upper bound

In the hypothetical (non ”’pheno-interesting”) case of n — oco:

4 2
_ i gpil 1
o(xx = ff) o vy
rZ, A2
_ 4 1
O'(XX — ZBLZBL) X n F

Vot 2 2 1) o ot n2A2
Y (I7,)" ~ I (Zp — Xx) x ggn*A UPPER

< Y0 9o ¢ LIMIT
c T 2
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Nest

F,(T) = nl,k( O' VRVR — SM SM

_ 8vr 2 2 1 —cosf
= 87rnl,R/ dp/ kdk/ dcosf T D@+

In the limit s < Mz,

497137 !
Tw(T) = ———
MT) = 194300¢ (3 (MZ,) Z”f

0.6

o V(1)
Planck

AN

0.3

0.2

LEP

0.1
10 15 20 25

My /g [TeV]
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New Higgs stuff

V(H, Spew) = — MZLIHTH - :U’iewSZeWSVleW + )‘H(HTH)Z
+ Anew (Siewsnew)z + )\Hnew (HTH) (Slewsnew)a

1 1 0
new — = \Snew new) » H=— ;
Suew = 75 (Snew + Vaew) ﬂ(HVH)

hi = hcosBO,ey — Spew SIN Oy,

hy = Spew €OS Oery + hsin Oy,

)\Hnew VHVnew

7.
/\BLV%ew - )‘HVH

tan 26,,.,, =

MZ,W = Npew&newVnew (MN = \/EyRVBL)
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Lepton Number Violation at the LHC

pp — Zp, — NiN; — ejinFekinF — ejieki4j

Nyt 4 = 2L (pp — NiN;)Br(N; — e WF)Br(N; — ef WF)Br(W — jj)?

Vs =14 Tev £=300f"",Vs =14 TeV

4
£ 0.100
B _
z
T 0010
g — My=1TeV, Mz =2TeV, go=0.1
© 0.001} — My=2TeV, Mz =5TeV, goL=05
—— My=4TeV, Mzg =TTeV, gp=0.9
1074

600 800 1000 1200 1400

My (GeV)
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Lepton Number Violation at future colliders

pp — Zp, — NiN; — ejiW:FekiWjF — ejieki4j

Nty = 2Lo(pp — NiN;)Br(N; — ejjE WF)Br(N; — eEWTF)Br(W — jj)?

Vs =100 Tev L£=301",Vs =100 Tev

100
10
g
~ 1 'S
z s
Py 0.100 %
2 0.010} = My=1TeV, Mz =2TeV, ggL =0.1 %
0001l — My=2TeV, Mz, =5TeV, gp=0.5
—— My=4TeV, Mz, =7TeV, gpL=0.9
1074 X
100 200 500 1000 2000 500 1000 1500 2000 2500 3000 3500
My (GeV) My (GeV)
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Displaced vertices

(¥4
. M3
* Total decay width of N: u—f’/ it ~ |Veil? _er
\ M3y
en

« Neutrino mixing: |Vy|? o< My, /My,, M,y = (]\fl) 1{‘;”)
v NR

MM} Y oMY,

My v

* I'y, = Ty, > => Long-lived particles

As an example: My ~ 400 GeV
= L= (1073 - 10~")mm

00
My (GeV)

doi:10.1103/PhysRevD.80.073015
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