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

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

] \ <> Mu #0 — 3 1223
“-@
* We do not have any clue about their nature!

LN Conserved LN Violated

* Neutrinos are Dirac * Neutrinos might be Majorana

D = — . 1
L, DY, ¢l tHvg + h.c. LM S Y, Hug + §I/I€CMRVR 1 he.
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The Simplest Theories for Neutrino Masses
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The Simplest Theories for Neutrino Masses
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? xtra symmetries:
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U(1)p-1, U(1)p, U(1), global
’ =7

SU(3)e ® SUQ)L ® U(1)y ® U(1)x = | U(1)x = U(1)x=p—|

« Connection: ]Mﬁo\‘ >
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* Dark Matter candidate: XLy xgr ~ (1,1,0,n,) = x = xr + Xr
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Gauging U(1)p_1

and leaving it unbroken



U(1)p_, unbroken

4

Ly, 2 iXtBxi + ixexg — (Y, lpiocsH vg + My X1 Xk + h.c.)
PUARPEEIRRI A TN

1 Ly mass teem
=5 Mz, Zy + 0"0) Mz, Zpi + 040)  owwed 1

2
Stue Kel hﬂi Mechanis M

-Dtt“d.l'ﬂﬂ with Z,,_

* Relevant parameters: ‘MX, Mz, , 8BL, ”x‘

e Annihilation channels:
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Za + /'
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U(1)p.L unbroken

 Parameter space allowed by the correct relic abundance:

25 25
Stueckelberg gpr=1, ny= lx Stueckelberg gpr= 1.5, ny= ‘l‘
20 20
= z
£ 15 215
3 3 LEP
<10 <10
=~ =~
5 5 LHC
2 4 6 8 10 12 2 12
M, [Tev]
[ an>o012 Q02 <012 —Qh=0.12
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Light Relics

4
T\ T3\’
ANeff:Neff_NeSfl;A :NVR (TUIZ> :NIIR Z(TdeLL)
VR

Decoupling temperature:

dec dec 0.6
I‘(TVR )= H(TVR )
0.5F —U(1)p_p 1
Bounds from Planck:
5 0.4f
Negr = 299jggg 443 Planck
= AN < 0.28 N \
0 ﬂ c
M.
= 4L 5 1331 TeV 0.1 - - .
8BL 10 15 20 2

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

2472 2.4
MyMpm n“gpr

Zu gs1 = 4
7(My + Mow)®> M3
N N
—44
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U(1)p.L unbroken
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Gauging U(1)p_1
and breaking it by 2 units



U(1)g. broken by 2 units

A8 g a(1,0,0,2)
Lypy,, O iXePxe+iXeBxg+ (DSs) (D" Sp)
—(YulrioaH vg + My XL XR + Vrvg CrrSpi + hec.)

* Relevant parameters: ‘an Mz, , gpL, hy, My, My,, GBL‘

e Annihilation channels:
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U(1)p_, broken by 2 units

Lypmy,, 2 ixtxr + ixrPxr + (DN,SBL)T(D“SBL)
7(YDZLZ'O'2H*Z/R + MX)_(LXR + yRI/gCZ/RSlgL + hC)

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

* Perturbativity sets an upper bound on gz :

v
LD g5 (2)2Sh Se1 781, 7l = gpL < V3
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U(1)p_, broken by 2 units

° FornX = 1/3, GBL :O,Mh2 :MN =1TeV:

My, [TeV]

25
T 2% 9pL= /5 m=3
20F °
_2
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’ &5
10 N
: 10 LEP
T
5 - XelT LHC
5
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* Upper bound around 20 TeV!
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The Simplest Theories for Neutrino Masses
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Gauging U(1),
and breaking it by 3 units



U(1), broken by 3 units

we So0903) X 3,1; mass fom 8!

Lygy, D ixePxe + (DS (D"SL) — (*X XLCXLSL + h~C.>
L s e \/i —
After SSB 3

} , . 1
= ngwwsxlf = 8uf vl 7]} = Nixoxhi = SMyx” Cx

For UV completions see Ref. 1403.8029 and Ref. 1304.0576 or ALEXIS talk on Monday!

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

e Annihilation channels:
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U(1), broken by 3 units

3 1
Loty 58XV XZY = gifvuf 28 — Nixxhi — =My X" Cx

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

* Perturbativity sets an upper bound on gy :

V2
LD 82(3)ZSZSLZLMZE = 8L < 737T
...and also on the \,:
M,
A <2ym = 3g <2ym

Mz —

C. Murgui



U(1), broken by 3 units

10° ; 10° .
0, =0, g1=0.1 0r—0, gim VE
= 104 =
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3 S ANeg
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Upper bound ~ [1 TeV, 10 TeV]
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U(1), broken by 3 units

X X 726 a2 [
\/.( 0. o) =  sin? 0 cos® O5M3, st (1

V24
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U(1), theories

Fermionic representations in the model proposed in Ref. 1403.8029:

Fields SU(S)C SU(Z)L U(l)y U(I)L
2 1 3
U, = (lllL(L’ 1 2 3 5
Uy i 3
Vg = (qjﬁ 1 2 ! -3
370 \/§E+
y, = L L L 1 _3
Xy 1 1 0 -3
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U(1), theories

Fermionic representations in the model proposed in Ref. 1304.0576:

Fields SUB3)e SUQ), Uy U(l)
(@)
@)
g 1 1 —1 -3
N 1 1 ~1 3
Xp 1 1 0 -3
Xy 1 1 0 2
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Upper bound U(1)p,

- géan ) 1

o(xx — X n —

(xXx = ff) PSR
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C. Murgui



Upper bound U(1)p,

_ 1
o(Xx = ff) o n 12

o(XX — ZpLZpL) X gt e

n<l

(Lx D goilyuZpl)

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

olxx = ff) n—

o(XX — ZprLZpr) X &g h e

23

(Lx D gpilrZpl) (Lx D nger XVuZkX)

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

- 1
ooy = ff) < mie

< 1

U()ZX — ZBLZBL) X n p

(Lx D gpLlyuZl) (Lx D ngpr XVl X)

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

n
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Upper bound U(1)p,

- 1
ooy = ff) < mie
o4 1

U()ZX — ZBLZBL) X n p

(Lx D gpLlyuZl) (Lx D ngpr XVl X)
Perturbative bound = gp; < V27 Perturbative bound = n gp; < 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:

o(xx = ff) T

U()ZX — ZBLZBL) X n P

V0t 2 o 12(Zy — 1) o ghyn?A
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Upper bound

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

O'(XX — ZBLZBL) X n F

!(tho;L)z ~T2(Zpr — Xx) o ghynA?

QO 9O 9O 9O

"’ VW’ VW’ Nw
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Upper bound

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

(T(/YX %ff) X F%BL — A2

O’()ZX — ZBLZBL) X n P

V(09 )2 o 122y, — xx) o glhun?A2 UPPER
<9 [ ] (X'} ® LI M IT

T 2
~OTeV
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Nest

I‘l(T) — nuk( O' VRVR — SM SM

B Qo 5 5 1 —cosf
— 87rnl,R/ dp/ kdk/ dcosf k/T )(el’/T

In the limit s < Mz,

497373 d
Ty(T) = —— " 2
w(T) = 194400¢ (3 (Mz') an

0.6

0.5 — U@,
o Uy
I Planck

0.2f |5

0.1

10 15 20 25
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New Higgs stuff

V(H7 SMW) = /J/%IHTH - luiewslewsﬂew + )‘H(HTH)Z
+ /\new (Slewsnew)z + )\Hnew (HTH) (Slewsnew)a

1 1 0
new — = \Snew new) » H=— ;
Suew = 75 (Snew + Vaew) ﬁ<h+VH>

hl = hcos enew — Spew SIN anewa

hy = Spew €OS Oy + hSin Oy,

)\Hnew VHVnew
tan 20,,.,, =

U
ABLY e — AHViy
MZMW = Npew&newVnew (MN = \/iyRVBL)
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Lepton Number Violation at the LHC

pp — Zp, — NiN; — ejinFekinF — e teotaj

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

Vs =14 Tev L£=300f",Vs =14 Tev
= _
z
R
I — My=1TeV, Mz =2TeV, go=0.1
© 0.001} — My=2TeV, Mz =5TeV, goL=05
—— My=4TeV, Mzg =TTeV, gp=0.9
1074 N N N
600 800 1000 1200 1400 500 1000 1500
My (GeV)

My (GeV)
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Lepton Number Violation at future colliders

pp — Zp, — NiN; — ejiW:FekiWjF — e teotaj

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

Vs =100 Tev L£=301",Vs =100 Tev

100
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g
~ 1 'S
z s
Py 0.100 %
2 0.010} = My=1TeV, Mz =2TeV, ggL =0.1 %
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—— My=4TeV, Mz, =7TeV, gpL=0.9
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Displaced vertices

(¥4
, M3,
* Total decay width of N: u—’r/ Iy ~ |V€i|2_M

\ ey, M%V

« Neutrino mixing: |Vy|? o< My, /My,, M,y = (]lfl) M”)
v N,

R

M, M2 Y, v M3
oMy u/; N v, > =» Long-lived particles
VH

M FNRO(

My

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

10710 |
1071
10712 |

10-13

ot Bl e
200 00 600 800 1000

My (GeV)

doi:10.1103/PhysRevD.80.073015
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