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PMEAN LIFE > 9 x 10%” years CL=90.0% ¢

p — invisible

Question: Can proton be exactly stable?

(purely academic!)

Davighi, AG, Thomsen; 2202.05275
AG, Ponce Diaz, Thomsen; 2505 .xxxxx


https://arxiv.org/abs/2202.05275
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Outlook

A model for
exdact pr‘oton Davighi, AG, Thomsen; 2202.05275

stability

Rich phenomenology: AG, Ponce Diaz, Thomsen; wip

Neutrino Matter-
masses and antimatter Dark Matter
MIXINGS asymmetry

N

Empirical Evidence for BSM


https://arxiv.org/abs/2202.05275
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Accidental symmetries

Spacetime +
Gauge Invariance

SM (EFT):

-+

= ZW=) C,0()
0)

Field Content (infinite) series in local operators

e Truncationatdim® <4

— U(1)g x U(1), x U(1), X U(1),

accidental symmetries

e Violated by dim 0 > 4
e.g.qqql

e |mpose U(1)g!

Gravity breaks global symmetries
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Accidental symmetries

Wishlist:

|. Add a gauge symmetry (with high-scale SSB) such that
no AB = 1 operator in the SMEFT to all orders

2. Realistic neutrino masses and mixings



Admir Greljo | Hints from Proton Stability

The first attempt

Gauged U(1)5_;

|. Proton stability x
2. Neutrino masses and mixings J



The first attempt

Gauged U(1)g_; anomaly cancelation
—> 3 right-handed neutrinos N

SM-singlet, U(1)g_; -breaking field

LHN + ¢NN
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The first attempt

Gauged U(1)g_; anomaly cancelation
—> 3 right-handed neutrinos N

SM-singlet, U(1)g_; -breaking field

LHN + ¢NN

|. High-scale type-| seesaw J
Minkowski /7, ...
+---.

o +® oy
1:©%% )
ToBg_ o g7

1065-:. , <¢> > <H>

10714

| |
—
O
©
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The first attempt

Gauged U(1)g_; anomaly cancelation
—> 3 right-handed neutrinos N

e 4@

1072 == @
+@%e@

10—4 L

10—6 L
L

1078 ==

10710 @

107"

10—14——

SM-singlet, U(1)g_; -breaking field

LHN + ¢NN

|. High-scale type-| seesaw
Minkowski /7, ...

HY
)

my ~ ()

(¢) > (H)

2. Minimal thermal leptogenesis
Fukugita & Yanagida '86

® [ epton asymmetry from out-of-equilibrium
N decays; minimal case My < My, .

® Sphaleron processes = baryon asymmetry

® B+ L is anomalous: sphaleron selection rule
AB = AL = 0 (mod 3)

® High-scale seesaw

Tren > My, 2 0(10°) GeV

r
Davidson & Ibarra '02
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The first attempt

Normalise [¢] = 1 = U(1);3_r, such that [¢] = 6

: 2
¢ — sl @ invariance for a = ?ﬂi, i =[0,...,5]

(¢) # 0O
U(l)B—L —> Z6 discrete unbroken gauge symmetry in the deep IR

Zs charges : [q] = 1,[[]=3,[¢] =0 Allows for B-violating operators
Zs (SMEFT) : qqql, ldddH, . ..
x Proton stability U(1)g_;, (UV) : qqql, ldddHg", ...

10
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The idea

Find
(p) > (H)

Gauged U(l)y — Zy

where Z,, forbids proton decay in the SMEFT to all orders

11



Lepton universality?

° U(I)Li_Lj also anomaly-free!

Q Gauge a linear combination of B — L and L; — L;  Davighi AG Thomsen; 2202.05275
U(l)Xp . X, =3m(B—-L)—n@3L,— L), gcd(m,n)=1.

Three cases: P € {6, H, ’7'} (One lepton flavor p has a different charge from the other two.)

12
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Lepton universality?

° U(I)Li_Lj also anomaly-free!

Q Gauge a linear combination of B — L and L; — L;  Davighi AG Thomsen; 2202.05275
U(l)Xp . X, =3m(B—-L)—n@3L,—L), gcdim,n)=1.

Three cases: P = {6, Jya ’7'} (One lepton flavor p has a different charge from the other two.)

"""""""""""""" Q-0
* Two SM-singlet scalar fields are needed to fit the PMNS mixing! \@/
00 O
NN~ | 0 X X X, charges
0 X X ?1 om + n

)_’ P2 6m — 2n

S O X
X X O
X X O

LHN ~ (

*up to permutations

X X O
o O X
O O X

13
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The model

SSB (¢ ,) # 0 k = ged([¢q]1, [¢,])
Zad ¢; = ¢

The scalars are Z, singlets

e Consider charges:

(m,n) = (3a+r, 9 +3r), for re{l,2}
ged(m,n) =1 (a, b) € 7?

® For these charges == k =9 gcd(n,2)

0
(P12) # )1 o

75, for n € 27 + 1
U(1)x, { 7

ngzg, for n € 27

14
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Davighi, AG, Thomsen; 2202.05275
Fields | U(l)x, |Zo CT

Quarks qi, Ui, d; m 1 gcd(m,9) =1
Specific leptons lp, €p, Np|—2n — 3m 0 o
> GNN
Common leptons (q # p) | €4, €q, Ng| n—3m 0
Higgs H 0 0
New scalars D1 6m + n 0
0

0 6m — 2n

4

Discrete unbroken gauge symmetry in the deep IR
Zy-singlet: (999)(999)(999)

x Proton decay
Exact selection rule in the
SMEFT: AB = 0 (mod 3) x Neutron-antineutron oscillations

J a lasphaleron

15
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The phenomenology

AG, Ponce Diaz, Thomsen; wip

Figures by @Xavi

Neutrino
masses and
mixings

Matter-
antimatter
asymmetry

Dark Matter

- 0

Empirical Evidence for BSM




Neutrino masses

+ permutations

x 0 0 00 O 0 X X

Yy ~ | 0 X X My ~ |0 x x| +|x 00

0 X X 0 X X x 0 0
The seesaw formula mi > Oy

2 —1 A
my, = —(H)Y*M; 'Y = U*m,U" —
Tree-level prediction: 22 33 23\ 2 _ the p-mi = ()
Loop corrections small my X m,/ T (my ) — O ( < prminor )
*e-specific AG, Ponce Diaz, Thomsen; wip

17



Neutrino masses

we i) ()

The seesaw formula mii > i)y

m, = —(HY)Y MY =U*m, U —

+ permutations

Y, ~

o O X
X X O
X X O
oS OO
X X O
X X O
X X O
S O X
S O X

Tree-level prediction: 22 33 23\2 _ the p-mi =(
Loop corrections small ml/ X ml/ T (my ) - O ( & p-minor )
*e-specific AG, Ponce Diaz, Thomsen; wip

1 _,1:18, —’I:O{, / /
L 2 | € 2 2 I € 2 2 oz(ﬁ):oz(ﬁ)+25
= () = =83+ ——s12¢13 + —— 1203
ms m2 mi

® Triangle in the complex plane!

* Triangle inequality = a lower limit on the lightest m;

18



Neutrino masses

*e-specific o/ (B') = a(B) +20
—33’ —io
()—132'6 62,02, + 2 (2
A ' A ! A 12™1
3 13 o 12™~13 71 3

® (Triangle equations) Only three out of six scenarios are consistent:

- e-specific 10 1y 1y
m
- u-specific NO , 1
- z-specific NO "o PTo

® Majorana phases predicted from the Dirac phase and the lightest mass

19
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Neutrino masses

e-specific 10 p-specific NO | T-specific NO

excluded (30)

excluded (30)
excluded (30)
axcluded (30)
102 10-1 10-2 10-1 100
ms [eV] my [eV] preliminary

AG, Ponce Diaz, Thomsen; wip
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Neutrino masses

® Future strategy:
—> Measure the Dirac phase
—> Predict the Ovfp as a function of m,,

AG, Ponce Diaz, Thomsen; wip

10—1 - CUORE?T

] GERDA ¢

| KamLAND-Zen 1

10_2?
=z ,
L. [
= A
£

l
10—3? i
: Excluded —
104 +—m—— e |y cosmology
103 102 101

m,, [eV]
21



Minimal thermal leptogenesis

e Assumingy ~ g~ A= Uv
a dynamical mechanism for the minimal scenario

i),

2
<¢1> < <¢2> — 1‘4]\71 < MN23 ]\]1 <¢1> Davidson&lbarra
| () Tren > My, 2 10°GeV

Seesaw, perturbativity

Z',N,3,p12 () My $10°GeV

o OO
X X O
X X O
X X O
o O X
S O X

My ~ <¢2> (

But, the seesaw formula needs YU11 ~{p ) {p,) ~ 107173

22



Minimal thermal leptogenesis

e Assumingy ~ g~ A= Uv
a dynamical mechanism for the minimal scenario

Seesaw, perturbativity

Z',N,3,p12 ($) My $10¥GeV

My ~ <¢2> +<¢l>

o OO
X X O
X X O
X X O
o O X
S O X

. -

2
<¢1> < <¢2> — 1‘4]\71 < MN23 ]\]1 <¢1> Davidson&lbarra
| () Tren > My, 2 10°GeV

But, the seesaw formula needs YU11 ~{p ) {p,) ~ 107173

m=—8,n=3,gx =0.02

e The Z interactions decouple: 106

the out-of-equilibrium N; decays I' < H|T=MN 10t
1 A
10 N

MZ/ Z 1()2M1\]1 100 =>====-o.

=
—~ 10721
10_4 ) M 10 10
I N = 10'° GeV MZ = 10" GeV
6| —— My =10 GeV M, = 10'2 GeV
. 10 6 N Z
e Sphalerons are active AB = AL = 0 (mod 3) My = 101 GeV My = 10% GeV
10784 —— My =10° GeV M, = 10" GeV
—— My = 10" GeV Mz = 10° GeV
10—10

105 104 1073 1072 10! 10° 10'  10%
23 Z = MNl/T



Minimal thermal leptogenesis

e [he numerical scan of the UV parameters
(only the points that fit neutrino masses and mixings)

AG, Ponce Diaz, Thomsen; wip

e  e-specific 10
10~ + L p-specific NO
e 7-specific NO

1612 1613 1614 1615
M1 [GGV]
24
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Dark Matter

A drawback or
an advantage!? A massive gauge boson Z’

Two SSB scalars
(required by the PMNS)

+ a Goldstone boson

25
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Dark Matter

A drawback or
an advantage! A massive gauge boson Z’

Two SSB scalars
(required by the PMNS)

+ a Goldstone boson

¥ a

_ [p] [q] My AU
Verav. = (4)° M|p|+|q| =P 92 T he ~ o0
A tiny mass induced by gravity! Highly suppressed couplings!

|. Lifetime > Age of the Universe /

s Majoron |
Dark Matter 2. The correct relic abundance /
Babu, Rothstein, Seckel '93 Only fOI” d hlgh—Sca|e bl”eakiﬂg <¢1>

20
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DM relic abundance

T ., 2 ()| (post-inflation)

AG, Ponce Diaz, Thomsen: wip

17
10 0o
-
1016 gJ
g
®
1015 g_’
=
1014 8 » —
5‘ ‘[ — :::::::::::::::;_»:::_,: _
5 w
107247 p—
1011
1010
10Y Davidson-Ibarra Bound + Z’
1013 10-1 10~° 107 107 107 107 o v
m, [eV]

¢ The misalignment mechanism: the correct relic abundance consistent with leptogenesis!

e Thermalization:m, < eV = dark radiation AN, = 0.027 [CMB-54 sensitivity 0.0156]
a eff

27
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DM relic abundance

(p) > Ty > (P1)

(pre-inflation)

AG, Ponce Diaz, Thomsen: wip

1014 - T
] 1
: [
. [
1013 -5 : S~
] 1
1 |
1012 4 \i\
A
o, _ I
s |
; [
e
5 |

1010

10?
10~°

a.
LN 10~3

6, = 0.1, 0.01, 0.001
’01/’02 = , 0.01 ,

Formation

Extends to higher masses:
Telescope searches!

Davidson-Ibarra Bound + Z’
1073 1071 10! 103
mg [MeV]

e Majoron is not thermalised

—> Relic abundance: Freeze-in N{N; = aa + the misalignment

28
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DM searches

AG, Ponce Diaz, Thomsen; wip

10—11
10—12 -
10—13 .
10—14 .
10—15 -
v—l't_' 10—16 -
>
[«b} -
g‘ 023; 10—17 ..
£ 1018 { XMM-Newton
= NuStar
. * 10—19 -
10720 - I
: ': .
o ¢ :° e ., —21 |
10-22 - "‘n”}!: 10
' [‘. ¢ = . * *
¢ @ ' . L
Y . - l. M AL | ! AL | ! AL ' T M T 10_23 | | AL | AL | AL
1074 103 10~2 101 10° 10! 0? 1074 1073 102 1071 10° 10* 102

mg [MeV] mg [MeV]

FIG. 7. Bounds on majoron models to photon (left) and electron (right) couplings. The photon coupling is strongly bounded
by satellite searches of X — and «y—ray telescopes, while for electrons the dominant bound arises from CMB when the majoron

can decay into a pair of electrons. (m,n) = (—11,3)

29
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Summary

—_—— .

Proton stabllity linked to
lepton flavor non-universality

\ pheno richness :

\ _ — > 1 /
. model simplicity /

Empirical Evidence for BSM - _-
coherently addressed for

(¢1) ~10"971* GeV

Where to look!

- neutrino masses and mixings,

-y & X-ray telescopes, AN,z GWs!
30 - no proton decay :)
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Alhambra of Granada

: (S PN
‘ - - ’
: fc.‘.ﬁ;.‘.,ﬂ’ﬁu
oo:!:.gq‘g. o8 { %
AP ssw TN

Thank you

N/

XX University
/<IN of Basel

https://physik.unibas.ch/en/persons/admir-greljo/
admir.greljo@unibas.ch
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DM relic abundance

<¢2> > 1 .h > <¢1> (pre-inflation)

AG, Ponce Diaz, Thomsen; wip

10 0y [
104
10—1-
Q@ 107°
A i
1 > 107° - — v = 10°GeV
10_7 ) U = 1010 GeV
1072 1 — v = 101 GeV
1 - U1 = 1012 GeV
107 —— =108 GeV
1074 10 102 107! 10° 10! 102 1072 1071 10° 10t 102
2= My,/T z= Mn,/T

FIG. 4. T'/H of the t-channel N N — aa (left) and the freeze in yield as a function of z = M /T (right), where we assume
that only the lightest RH neutrino is in thermal equilibrium. In both figures we assume v1 /v2 = 0.1

32
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Topological defects

AG, Ponce Diaz, Thomsen; wip

($y) > (&)

Ul)xy —TIY—T '
(1)x (Ga) o) Verav. ™™ domain walls

local string global string

e A post-inflationary scenario generates topological defects: strings and domain walls
e Restrictions on the [@;] charges to get rid of the domain walls
e Network decaying for Ny, = 1

e Gravitational waves from a metastable string-domain wall network!?

33
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Numerical scan

e [he numerical scan of the UV parameters
(only the points that fit neutrino masses and mixings)

e-specific 10 p-specific NO T-specific NO
100 A 100
50 1 50
Z excluded (30) o
n, 0 0 —
S 3
—50 1 —50
—~100 1 —100
— . f luded (3
150 BRTS ‘excu o _150
150 A 150
1004 100
50 58, - 50
Z 78 excluded (30) -
a 0 -0 -
~ Rk R
L &g
—100 e ¢ | & 1l _100
150 1B Z%ht excluded (30
150 {ifteduied o) | 150

1073 o

mg [eV]

T i

i 10

100 1073 10-2 10-1 100

m; [eV]



Triangle equations

e Forthree p = {1,e,u} cases, respectively:

e—i(a+ﬁ) 1 e—iﬂ' 0 e—ia'

_ 2 2 id id 2
————— M]3z = ——cCi3Co3 + — (023312813 Te€ C12323) + — (612623813 —€ 812823)
mi1momms ms mao m1
—i(a+B+26 -3’ —ia’
e H(otP )[ i1 = 1 5 _I_e B 2 2 +e 2 2
~ ~ . LMj11 = 813 ~ S12C13 T —C12C13
mimams ms ma my
—1(o+ —iB’ —ia’
e~t(oth) 15 e "V i6 2 ¢ i6 2
M2z = 13853 + — (823812813 —€ 612023) + — (012823813 + e 812023)
mimsoms ms mao ma

where o/ (8’') = a(B) + 26, ¢;; = cos0;;, and s;; = sin 6;;

e The EW running of the VWeinberg operator from M, 5 — M,

m. ] = det (v2Y A Y ) il < 0.01 {mzms (NO)
= —ytdet (VVYM'YT) mama - (10)

e Numerical estimate

35



Admir Greljo | Hints from Proton Stability

Deeper into the UV: Unification

All 3 families of fermions fit into:
*1$ (12,2,1) *RrS$ (12,1,2)

B\Y;
I SU(2)! SU@R), ! SU@2),

SU(9)! SU®), ! SUQR)s! UL ! SUQ3),

SU@3)! SU(2), ! U@)y! ULy,

Vx —+— Right-handed neutrinos

TeV —4— Muoquarks

v SUE)!T SUER)LT U()y! #gug

Tentative gauge—flavour unification scenario.

36
Davighi, AG, Thomsen; 2202.052/5
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Minimal thermal leptogenesis

e [he numerical scan of the UV parameters

(only the points that fit neutrino masses and mixings) AG, Ponce Diaz, Thomsen; wip

106
:‘ 10 6
1015'5
]
10t 10 8-
1013 -
S ] e especibc IO
3 1012 - u-specibc NO C 10 10+
= { e I-specipc NO =
= 10t | —— Leptogenesis
10 12 |
1010'5
10 4
10 14
Giudice et al,'04 /
1C°
104  10%® 102 10 S0t 102 108 104 108
My [eV] M, [GeV]
< asyme ey, washout The strong washout regime 5 ~ 107¢=3),
Np due to the triangle inequality

— ~ —107%ey 7
Ty 37 The two plots are inconsistent on M1 lower limit?



