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Anomaly cancellation

Any local Abelian extension of the Standard Model can be reduced to a set of integers which
must satisfy the gravitational anomaly, [SO(1,3)]? U(1)y, and the cubic anomaly, [U(1)x]*
conditions:

N N
ZZO‘:O’ Zzz:O, (1)
a=1

a=1



Methology based on:

= From a list of N — 2 integers, e.g., for N even
q:[/17/27"'7/n7klak27"'7kn]a n:(N_z)/2 (2)
in the range [—m, m], build two vector-like solutions of N integers,

x:[/17kl?"'knv_llv_k].?"'_kn7] y:[0707/1;"'/n;_/1;"'_n] (3)



Methology based on:

= From a list of N — 2 integers, e.g., for N even
g=[h,b, ki ke, ka], n=(N=2)/2. ()
in the range [—m, m], build two vector-like solutions of N integers,
x=[h,ki, - kny—h,—ki, - — kn,] y=1[0,0,h,-ln,—h, - — 1] (3)

= Obtain a (some times) non vector-like solution with zmax = 2m

N N
Z=xPy= (ZX;}%)X-I— (Zx,zy,> y, (4)
i=1 i=1



Methology based on:

= From a list of N — 2 integers, e.g., for N even
g=[h,b, ki ke, ka], n=(N=2)/2. ()
in the range [—m, m], build two vector-like solutions of N integers,
x=[h,ki, - kny—h,—ki, - — kn,] y=1[0,0,h,-ln,—h, - — 1] (3)

= Obtain a (some times) non vector-like solution with zmax = 2m

N N
Z=xPy= (ZX;}%)X-I— (Zx,zy,> y, (4)
i=1 i=1

The parameter space to be explored with zn.x = 20 (m = 10) has 96 153 non vector-like solutions

9261 — 3 N=5

194841 — 38 N=6
# of glists=(2m+ 1)V 2= .

1.6 x 10'3 — 65910 N =12, instead 10%° 3



Methology based on:

= From a list of N — 2 integers, e.g., for N even
g=[23,-1,-3], n=6. (2)
in the range [—3, 3], build two vector-like solutions of 6 integers,
x=[2,-1,-3,-2,1,3/] y=10,0,2,---3,-2,--- = 3] (3)

= Obtain a (some times) non vector-like solution with zmax =2 x3 =16

N N
Z=xPy= (ZX;}%)X-I— (Zx,zy,> y, (4)
i=1 i=1

The parameter space to be explored with zn.x = 20 (m = 10) has 96 153 non vector-like solutions

9261 — 3 N=5—[1,—-2, —3,5,5,—6]

194841 — 38 N=6
# of glists=(2m+ 1)V 2= .

1.6 x 10'3 — 65910 N =12, instead 10%° 3



https://pypi.org/project/anomalies/

U ‘ Search projects Q 0 restrepo v

anomalies 0.2.5 v | tocnseen

pip install anomalies [N Released: Sep 6, 2022

Anomaly cancellation

Navigation Project description

-
Anomalies

"D Release history

Python package |passing| () Upload Python Package [passing | DOI  10.5281/zenodo.5526558

i
& Download files Implement the anomaly free solution of arXiv:1905.13729 [PRL]:

Obtain a numpy array z of N integers which satisfy the Diophantine equations
Project links

>>> z.sum()

A Homepage 5
>>> (z**3).sum()
]
Statistics
GitHub statistics: Theinputis two lists 1 and k withany (N-3)/2 and (N-1)/2 integers for N odd, or N/2-1 and N/2-1 for N even 4

@ N (N>4). The function is implemented below under the name: free(1,k)


https://pypi.org/project/anomalies/

https://restrepo.github.io/Advanced_Computation

= ¥ 10 %

i= Contents

Multiprocessing in Python

g jupyter {book}L , ' ) ) | miltiprocessing

Advanced Computation chunksize= implementation
Appendix
Search this book. Implementaton
Welcome to your Jupyter Book « Use the official module to find solutions
Markdown Files « filter the chiral ones with a maximum integer of 32
Multiprocessing « Build a function suitable for multiprocessing
GitHub Actions for DevOps .
Data Analysis Functions
Clases .
import numpy as np
Notebooks with MyST Markdown import itertools
import sys
from anomalies import anomaly
import numpy as np
import time
import warnings
warnings.filterwarnings("ignore")
global zmax
zmax=32
z=anomaly.free
def _get_chiral(qg,q_max=np.inf):
Powered by Jupyter Book #Normalize to positive minimum
if 0 in qg:
#q=q[q'=0] b
return None, None



https://restrepo.github.io/Advanced_Computation

https://doi.org/10.5281/zenodo.7380817

September 24,2021 [ Dataset |

Set of N integers between -30 and 30 with sum 141 j)glds

and cubic sum up to zero for 4<N<13 e

Diego Restrepc

Anomalies

Solutions obtained with the python package: anomalies based on the method to find anomaly free solutions of the
standard model extended with an Abelian Dark Symmetry with N right-handed singlet chiral fields described

OpenAIRE

« 'I:integer lists — input to obtain the solution’ by using the anomalies package
« 'K:integer lists — input to obtain the ‘solution’ by using hte ano: package
N N
« “solution’ list — of integers, Z; which satisf: z zi = Oang Z
o aerssd e i Publication date:
i=1 September 24, 2021
« 'ninteger — number of integers in ‘solution, N.
DOL:
USAGE Keyword(s):

) ) R
License (for files):

#Example of JSON file usage in Python with pandas (see also json module)
>>> import pandas as pd
>>> df=pd.read_json('solutions.json.gz')
>>> df[:2]
1 k solution gecd n
o [1,2] [0 -3] [1,5 -7, -8 9] 1 5
1 [-2, -1] [o, -1] [2, 4, -7, -9, 18] 1 5

mons Attribution 4.0 Internation:

Versions

Data:
2296615 solutions

Sep 24,202 6

th 5 < N < 12 integers until |32 [JSON]



 https://doi.org/10.5281/zenodo.7380817

https://pyp

rg/project/yukawa/

yukawa 0.0.2

pip install yukawa I Released: about 9 hours ago

Get massive fermions from a given scalar Abelian charge

Navigation Project description

Yukawa couplings with spontaneous symmetry breaking (SSB)

D Release history

Python package [passig| C) Upload Python Package |passing

&
& Download files Given a list of integers as the Abelian charges of fermions, check if there is a scalar which which can generate Yukawa

couplings and non-zero masses for all them after the SSB-

Project links

Install
A Homepage
$ pip install yukawa
Statistics
GitHub statistics: USAGE

W Stars: 0


https://pypi.org/project/yukawa/

Simplest secluded model with SM-singlet massive chiral fermions from SSB: U(1)

1
L= WP = ViV + D highatjo™) + he (6)
i<j
96 153 — 5196 multi-component DM (N = 8,12) — 28 with two Dirac-fermion DM



Simplest secluded model with SM-singlet massive chiral fermions from SSB: U(1)

1
L= WP = ViV + D highatjo™) + he (6)
i<j
96 153 — 5196 multi-component DM (N = 8,12) — 28 with two Dirac-fermion DM

z=[1,2,2,4,-5,-5,-7,8] - ¢ =3 — [(1,2),(2,-5),(-5,8), (4, —7)] (7)



Simplest secluded model with SM-singlet massive chiral fermions from SSB: U(1)

1
L= WP = ViV + D highatjo™) + he (6)
i<j
96 153 — 5196 multi-component DM (N = 8,12) — 28 with two Dirac-fermion DM

z=[1,2,2,4,-5,-5,-7,8] - ¢ =3 — [(1,2),(2,-5),(-5,8), (4, —7)] (7)
1 2 2 —5 —5 8
1 0 h(172) hl(l 2) 0 0 0
2 h(172) 0 0 h(2’_5) h(2’_5) 0
2 H, 0 0 0 0 0
LC wT (1,2) v (%) [ _Lb*
5| 0 hps O 0 0 hi s O M nav-19
5| 0 hps O 0 0 H_gq
8 0 0 0 h(,5,8) h,(_5 8) 0

(8)



Standard model extended with U(1)yv_., gauge symmetry

Fields | SU(2). | U1)y | UQ)x=por x

Q! 2 ~1/6 Q
dri 1 —1/2 d
UR; 1 +2/3 u
1 2 +1/2 L
eRr; 1 -1 e
H 2 1/2 h

Xa 1 0 Z,
® 1 | o | ¢

Table 1:
i=1,2,3, a=1,2,.... N 9



Standard model extended with U(1)x—, o

gauge symmetry

Fields | SU(2). | UQ)y | UQ)rv=Bor L
Q! 2 -1/6 Q
dri 1 —1/2 d
UR; 1 +2/3 u
L 2 +1/2 L
eRrj 1 -1 e
H 2 1/2 h=0
Xa 1 0 Z,

()t 2 1/2 —X
L 2 ~1/2 X!
= 1 —1l X

(/) 1 1 —X!
® 1 0 )
S 1 0 s

Table 1: minimal set of new fermion content: L=e=0for ¥ =B. Or Q= u=d=0for X = L.

i=1,2,3, a=1,2,...,N




Anomaly cancellation: X = [ or

The anomaly-cancellation conditions on [SU(3)cJ? U(1)x, [SU(2).]*> U(1)x, [U(1)y]* U(1)x,
allow us to express three of the X-charges in terms of the others

u=—e-2L-2({~H), d=etil-s({~X), Q=—zL+5(~%), (9)

3 3
while the [U(1)x]? U(1)y anomaly condition reduces to
(e+ L)X —=X')=0. (10)

= Previously: ¥ = X’
= We choose instead (h = 0):

e=—L, (11)
so that (L is still a free parameter)
Q:_u:—d:—ijL ()( X'). (12)

If B=0— U(1),
10



Anomaly cancellation: X =

The gravitational anomaly, [SO(1,3)]? U(1)y, and the cubic anomaly, [U(1)x]*, can be
written as the following system of Diophantine equations, respectively,

N N
3"z, =0, 2 =0, (13)
a=1 a=1
where
nn=-X, 2 =X",
224 = L, = 1,2,3 (14)
_>
5
90Q=-> za=—X+X"+L+L+1L, (15)
a=1

L=0— U(1)g but Q=0+ U(1),

11



U(1), selection

= B=0withL=6

(6,6,6,—8, —10,5,13, -9, —9)

12



U(1), selection

= B=0withL=56
= Electroweak-scale vector-like fermions with ¢ = 18:

(L) Lo — X =8, X' =10

(6,6,6,—8,—10,5,13,—9, —9)

12



U(1), selection

= B=0withL=56
= Electroweak-scale vector-like fermions with ¢ = 18:
(L) L — X =8, X' =—10
» L+ L+ L—-X+X'=0
(6,6,6,—8,—10,5,13,—9, —9)

12



U(1), selection

= B=0withL=6

= Electroweak-scale vector-like fermions with ® = 18:
(L) L — X =8, X' =—10

» L+ L+ L—-X+X'=0

= Dirac-fermionic DM: (6, 6,6, —8,—10,5, 13, -9, —9)
(x0)f Xpo* = 23 =5, 2z =13

12



U(1), selection

= B=0withL=6

= Electroweak-scale vector-like fermions with ¢ = 18:
(L) L — X =8, X' =—10
» L+ L4+ L-X+X' =0

. (Dire;?—fe/rmionic DM: (6, 6,6, —8,—10,5,13, -9, _9)
XL) Xg®* —2z3=5, =13

» (Two generations) Majorana-fermionic DM:
) X® = 25 = 9, 26 =9

12



selection

= B=0with L=6
s Electroweak-scale vector-like fermions with & = 18:
(L) L — X =8, X' =—10
» L+ L4+ L-X+X' =0
= Dirac-fermionic DM:
o : rmen (6,6,6,—8,—10,5,13, -9, —9)
(x0)' XgP* =23 =5, z3 =13
» (Two generations) Majorana-fermionic DM:
(X)X ® = 25 = =9, 76 =9
Unique solution with 2 DM particles from 96 153!
I k solution ged n zmax hidden
[-2,-3,0] [1.2,3 2] [5, 6, 6. 6, -8, -9, -9, -10, 13] 4 9 13 [{'S" 18, 'Y [(-9,-9), (-8, -10), (5, 13)]}]
[2.0,3] [-2.1,-3.-1] [2,3.3,3,6,-8,-11,-15,17] 12 9 17 [{'S" 9. W' [(2, -11), (6. -15). (-8, 17)]}]

[-4,-2,1] [2.-4.4.-2] [1.-2.6,6,6,-9,-9,-16,17] 16 9 17 [{'St18, "Wt [(-9.-9). (1. 17). (-2, -16)]}]

[3.-2,-4] [-2,-1,-2, 3] [1, 2, 3, -6, -6, -6, 15, 16, -19] 29 19 [{'S" 18, W~ [(1, -19), (3, 15), (2, 16)]}]
12



Dark sector baryogenesis

transfer particle asymmetry

{3

RO

dark sector SM sector
(DM interaction) N 2| le . (EW sphaleron)
S TX-"TH

"%

first order phase transition

from: [1] Carena, et al, arXiv:1908.04818 [PRD] (see also: arXiv:1811.09719 [PRL]) 13
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Method to find
>n=0, 2n3*=0

solutions
1905.13729 [PRL]
Costa...

U(1), orU(1),
Zl
transfer CP to

SM

1811.09719 [PRL]
Carena...

Scotogenic

neutrino
Anomalons: masses

Multicomponent DM hep-ph/0601225
[PRL—PRD]
Ma

14



Gauge Baryon number scotogenic realization: arXiv:2205.05762 [PRD]

with Andrés Rivera (UdeA) and Walter Tangarife (Loyola U.)

|
P |
A
|
Ug _ 1 — OJ;
~ ~
v 4 RN
/ \
/ \
/ , \
L L7 ' eh VR
A
, H
|

15



Gauge Baryon number scotogenic realization: arXiv:2205.05762 [PRD]

with Andrés Rivera (UdeA) and Walter Tangarife (Loyola U.)

15



Gauge Baryon number scotogenic realization: arXiv:2205.05762 [PRD]

with Andrés Rivera (UdeA) and Walter Tangarife (Loyola U.)

Field | SU(2). | U(1)y U(1)s
UR; 1 2/3 u=1/3
dri 1 -1/3 d=1/3
(Q)f 2 -1/6 Q=-1/3
(L)t 2 1/2 L=0
er 1 -1 e=0
()’ 2 1/2 | —X =-3/5
A 1 -1 X =3/5
L 2 -1/2 X/ =18/5
(e/)' 1 1 —x' = —18/5
VR1 1 0 -3
VR2 1 0 =8

L XR 1 0 6/5
()’ 1 0 9/5
H 2 1/2 0
S 1 0 3
® 1 0 3
Oa 1 1 3/5
oS 1 il —12/5

15



arXiv:2205.05762 [PRD] https://github.com/anferivera/DarkBariogenesis

= SARAH—SPheno—MicroMegas
= 7)g calculation code

= Python notebook with the scan

16


https://github.com/anferivera/DarkBariogenesis

Black points: Dirac neutrinos with proper DM and baryon assymetry

DM+v; + 0s/+ ng

10-2 10-!' 10° 10! 102 103
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Conclusions

A methodology to find all the universal Abelian extensions of the standard model is designed
All of the extensions can be reformulated as the solution of
N N
> 20, > 2,
a=1 a=1
which we fully scan until N =12 and |znax| = 20

Once the physical conditions are stablished, the full set of self-consistent models are found

from a simple data-analysis procedure

18
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