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Anomaly conditions
°0

Anomaly conditions

The Diophante's equations:
Z n, =0
P
S0
p

The we have:
m Dark symmetries: m = 0, Ngpja) = N, D-Charges: ny,--- , ny and dark photon.

m Active symmetries: m # 0, Ncpira) = N — 3, X-Charges: nq,---,np,, ., and
heavy mediator boson.
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Anomaly conditions
oe

Active Symmetries

For active symmetries, the X-Charges of Standard Model right-handed fermions can be
written in terms of m, and afree parameter that is chosen to be the X-Charge of the

Standard doublet Lepton such that:

u=2t_
3
u—m—Z—L
N 3
_ L
3
e=m-2L
h=L—-—m
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Effective Dirac Neutrino Mass Operator
(1)

Effective Dirac neutrino mass operator

>

é
h.c. ithi=1,2.3
/\)—l— c., with 1 ,2,3,

Lot = 3" (vRa) €ap L7 HP (
and 6 = 1,2, ... for dimension 5 (D-5) or 6 (D-6) operators, etc. Here h%' correspond
to dimensionless induced couplings, vr, are at least two RHNs (v =1,2,...) with the
same D or X-charge v, L; are the lepton doublets with X-charge —L, H is the SM
Higgs doublet with X-charge h =L — m, S is the complex singlet scalar responsible for
the SSB of the anomaly-free gauge symmetry with D or X-charge

s=—(v+m)/s,
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Effective Dirac Neutrino Mass Operator
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Diracness of non-zero DM and Dirac neutrinos masses from U(1)y

Starting from the extended dataset with the solutions with N integers to the
Diophantine equations, we apply the following steps

m Check that the solution has two (three) repeated integers to be identified as v
and fix N, =2 (N, = 3).

m For 6 =1,2,... and all the possible combinations for m and v in the solution,
including m = 0, find the s value compatible with the effective Dirac neutrino
mass operator of D-4 4+ § according to the effective Lagrangian.
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Multigenerational and Multicomponent Dark Matter
©00000000

Diracness of non-zero DM and Dirac neutrinos masses from U(1)y Il

m Interpret the integers in the solution which are different from m and v as the
D-charges for m = 0 or X-charges for m # 0 of a set of singlet chiral fermions:
Wi, i =1,..., Nenirat — N,,. Then select the solutions for which the condition

|ni + ;| = Is| (1)

which guarantees that all the singlet chiral fermions, 1);, acquire masses after the
spontaneous symmetry breaking of the gauge Abelian symmetry through (S).
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Multigenerational and Multicomponent Dark Matter
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Unconditional stability

There is unconditional stability when two remnant symmetries satisfy that
Zjs) = Zp @ ZLq with p and q coprimes and [s| = pq. For the two DM candidates
associated to the set of chiral fields v); and ;, we consider below the following two
possibilities for |s|
m Ze = Zp ® Z3: solutions with at least a set of chiral fields with ¢; ~ [w2 V w¢]
under Zg, and at least a set of chiral fields with x; ~ wg under Zg,
m Z14 = 7> ® Z7: solutions with at least a set of chiral fields with
Vi~ [wiy VWl Vwd, Vwid VwiZ] under Zis and at least a set of chiral fields
with x; ~ wz4 under Z14,

where w5 = el 2m/ls|,
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Multigenerational and Multicomponent Dark Matter
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Multigenerational and Multicomponent Dark Matter
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48 type of representative solutions

Solution ‘ N Nechiral ‘ m v 6‘ s ‘ Np Ny Gp Gy
(1,1,-3,4,4,-7,8,—10,—10, 12) 10 10 0 -10 2 5 4 0 2 0
(1,1,-2,—2,—4,6,—10,11, 12, —13) 10 10 0 -2 1 2 3 2 1 2
(3,4,4,4,4,—-5,-8,—-8,—11,13) 10 10 0 -8 1 8 2 4 1 4
(4,4,5,6,6,—9, —10, —10, —11, 15) 10 10 0 6 1| —6 4 0 2 0
(1,—2,-4,7,7,—10,—12,14,14,—-15) | 10 10 0 14 1| —14 3 2 1 2
(1,2,2,-3,4,-6,12, —13, —14, 15) 10 10 0 2 1| -2 4 1 1 1
(1,4,4,-7,8,8,—9,—12, —12, 15) 10 10 0 8 1| -8 4 2 2 2
(1,2,2,-9,-9,16,16,17,—18, —18) 10 10 0 -18 1 18 3 2 2 2
(1,—3, 6,7,—10,11,—16,18,18,—20) | 10 10 0 18 2| -9 4 0 1 0
(1,—4,5,—6,—6,10,—14,15,20, —21) 10 10 0 -6 1 6 4 0 1 0
(2,-3,-6,7,12,—14,-14,17,20,—21) | 10 10 0 -14 1 14 4 1 1 1
(3,6,6,—7,8,8,—14,—14,—17,21) 10 10 0 —-14 1 14 4 1 2 1
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Multigenerational and Multicomponent Dark Matter
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48 type of representative solutions

Multigenerational and Multicomponent Dark Matter
000008000

Solution N Nchiral m v § ‘ s ‘ ND NM GD GM
(1,-2,-2,-2,3,3,4,4,—5,—5,—5,6) 12 9 -5 2 1| 7| 3 0o 2 0
(1,1,-3,4,5,5,5,—6,—7,—7,—8, 10) 12 9 5 -7 1 2 3 2 1 2
(1,1,1,-2,4,— 7 -7,-7,8,9, 9,—10) 12 9 -7 9 1| -2 2 3 1 3
(1,1, 3, —3,-5,-5,-5,7,7,7,9, —11) 12 9 -5 7 1| -2 3 2 2 2
(1,-3,-3,-3, 4 6,7,9,—10,—10, 10, 12) 12 9 -3 -—10 1| 13 3 0o 1 0
(1,1 1,3,3,—5 7,7,—11,—11,—11,15) 12 9 1 —11 1| 10 3 1 2 1
(1,1,1,3,5,5,—-5,5,—9, -9, —13, 15) 12 9 5 -9 2 2 2 3 1 3
(1,-2,-2, 3 6 —10,-10,-10,13, 14,14, —17) 12 9 —10 14 1| —4 4 2 2 2
(1,-3,9,—11,-13,—-13,-13,15, 15, 15 21 —23) | 12 9 —13 15 1| =2 3 1 1 1
Suarez Roldan UdeA

MOCA 2022



Multigenerational and Multicomponent Dark Matter
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Solutions without massless fermions
10° f f f f
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10! 4

Number of solutions
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Figure: Distribution of solutions with N integers to the Diophantine equations which allow the
effective Dirac neutrino operator at D-4 + §.
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Multi-component dark matter |

Massive fermions
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Figure: Number of massive Dirac and Majorana fermions.
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Multigenerational and Multicomponent Dark Matter
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Multi-component dark matter Il

Massive fermions

1@
@ ® ®
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Generations of Dirac fermions
N

@ ©® ©®© e+ 0

Generations of Majorana fermions

@ vopands=1

U(l)xyand 6=1
U(l)pand 6 =2
U(l)xand 6=2
U(1)p~Z,®Zgand 6=1
U(l)x=»Z,®Zgand 6=1

Figure: Same as Fig. 6 but for number generations of massive Dirac and Majorana fermions in
each type of the 48 types of solutions of the full set of solutions in Fig. 2.
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Solution: (3,3,3,—5,—5,-7,8)

Simplest realization: Dirac Zee Mode
€000

Field 5U(2)L U(].)y U(].)X U(]-)B—L
L; 2 -1/2 —L -1
eRi 1 -2 3—-2L -1
VRa 1 0 -5 -5/3
(0 1 0 —7 -7/3
P 1 0 8 8/3
H 2 1/2 L-3 0

5 1 0 1 1/3
o 1 +2 2L 2
oy 1 +2 | —(2-2L) 4/3

Table: Charges for last solution. i =1,2,3, « = 1,2,3. Note that (w,‘,’)* =wy?=w 9
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Simplest realization: Dirac Zee Mode
fo] Yole)

Dirac Zee Mechanism for Dirac Neutrino Masses
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Figure: Diagram with the X-charge flux of the fields in the one-loop Dirac Zee model which
realizes the effective Dirac neutrino mass operator at d = 6
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Simplest realization: Dirac Zee Mode
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Spin Independent Cross Section for Direct Detection

The corresponding spin-independent direct detection cross section of dark matter per

nucleon is:
M%v gf( 2,2
=— — L 2
O'q/)N T M}, (@Dl ¢2) ’ ( )
where ¢1 = —7/3, 1o =8/3 and L =1, are the U(1)g_, charges in and:
My My
= _NT¥ 3
N = e (3)
is the reduced mass.
The cross section can be written as
2 70.1\* / Mz \*
oSl (cm?) = 4.8 x 10747 (%) <gx> (4 TZev> (1 — 12)? L2 cm?.
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Simplest realization: Dirac Zee Mode
ocooe

Relic Abundance
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Figure: Dirac fermionic Dark matter relic density as a function of its mass for U(1)g_; with
copuling gg—1 = gx = 0.1, Mz = 4TeV, mg = 5TeV.
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Conclusions

We found around one thousand solutions to the anomaly free conditions of local
Abelian extensions of the SM with N integers and Npjral right handed SM-singlet
fermions which include the ones forming the effective set of Dirac neutrinos and a dark
sector with massive fermions. We classify the solutions in 48 types depending if the
symmetry is dark (Ncpiral = N) or active (Nehirat = N — 3), the dimension of the
effective Dirac neutrino mass operator (d = 4 + ¢), the number of independent dark
matter candidates, and the number of generations of each massive fermion.
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