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- SU(3)c ® SU(2). ® U(1)y (Accidental/Automatic anomalous B and L)
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THE STANDARD MODEL

- SU(3)c ® SU(2). ® U(1)y (Accidental/Automatic anomalous B and L)

LEPTONS

Standard Model of Elementary Particles

three generations of matter
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- 3 fermion generations
- Fermion mass hierarchies: me = Apvew = Au/Ar ~ O(1075) .
- Lack of suitable DM candidates.
- Neutrinos remain massless.
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NEUTRINO MASSES

- Neutrino oscillations (2015 Nobel Prize)

o 4N

- Am,, Am3, # 0 (but very small)
- Only LH neutrinos in the SM = ,%NPLLLLHH

- The D5WO breaks L (or B — L) by 2 units, and the resulting neutrinos are Majorana
fermions.

<ll>_ ()
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- Simplest tree-level realisation of the DSWO: (type-I) seesaw mechanism.
- SM + Ng (singlets).

my ~ mb/M (XE—W) vew < O(0.1) eV with Ayp ~ O(10™) GeV ()
NP

- Low-scale seesaw?: SM + N (singlets) + Sg (singlets). ((¢1)¢, Ng, Sgr)

17 Ng Sr Sk Ng VL
0 Mmp 0 m2 o
MY = m, 0 M| = muwu—z’)oc <MZEW> Vew (2)
0 mT I M ANP

with  Ayp ~ O(10) TeV and p ~ O(1) keV.



BUT IT DOESN'T HAVE TO BE THIS WAY...
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- In general, U(1), can be broken to Zy.
- Zy: cyclic group of N elements x, with xNt1 = x.

- Generated by w = exp(27i/N) .

- If L (or B— L) is conserved = Neutrinos: Dirac!

- If L (or B — L) is broken to Zyy41 = Neutrinos: Dirac®

- If L (or B—L)is broken to Zyy and L; = wNL, = —L;, = Neutrinos: Dirac!!
(H) (H) ()

X X X
: | |
I I
3 : :
S S —
123 VR 147 Ng Np, VR

Diracness requires a symmetry.



NEUTRINO MASS GENERATION

- Neutrinos are Majorana fermions only when

- no Zy is left from the breaking of L (B — L)
- orL (B — L) is broken to Zoy with L, ~ w"L, = —L, (as in the DSWO case)
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NEUTRINO MASS GENERATION

- In addition to tree-level mechanisms, radiative mass generation mechanisms are of
particular interest:

- loop-suppressed masses to explain neutrino lightness.
- new physics at lower scale: richer pheno.

- Symmetries are also generally required to forbid tree-level terms.

- Could we use the symmetries to help us with yet another important issue as that of
DM?
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- Scotogenic model:*

- SM field content + an inert doublet () and fermion singlets (N).
- ad hoc Z, symmetry, under which only the BSM fields are odd.

1] ]
~ -9
-

- Z, forbids tree-level masses and stabilises the lightest Z,-odd field (DM).

- DM-mediated neutrino masses (scotogenic)

- Dirac realisations are also possible, as we will see.

- Could the DM-stabilising & tree-level-mass-forbidding symmetry arise naturally
from the gauge structure?

- That's what we propose next in the context of 3-3-1 models...
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3-3-1 MODELS

SM 3-3-1°
SUB)®SURL® U(T)y = SUB)c ® SUB)L ® U(1)x
Q=T3+VY = Q=Ti—5Ts +X

- LH fermions are distributed in an economical way:

- SU(3), (anti-)triplets only.
- All fermion triplets must contain SM doublets.

Lo = (var €)' ~2 = o= (va €a (vr)) ~3
Qu = (Ut da)’ ~2 = Qat=(dat —Uar Dar) ~ 3"
Qs = (us dsr Us)' ~3
- The charged RH fields come as singlets of SU(3).: ear, dar, Uars Dars Usk-
- Anomaly cancellation + asymptotic freedom: # generations = # colours = 3
- B — L symmetry has a non-trivial realisation given by (3-3-1-1°)
4

B—L=—
V3

Ts+ N, 3

and can be promptly promoted to local.



3-3-1 MODELS

- The minimal scalar sector contains

Y\ [ ¢ .
O 0= | o |, | o5 [i0a= | @) |, (87 +(89)7 = vEwand (63) cw  (4)
¢! 9 28

- Symmetry breaking happens in two stages:

SUB3)e ® SUB)L ® U(Mx % SU3)e ® SUR)L ® U1y ~E% SU(3). @ U(1)q - (5)
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AN 28 .
O, 03= (o |, |65 |i®=| &) |, (6007 +(#9)” = vEwand (@) ocw  (4)
¢! 9 ¢;

- Symmetry breaking happens in two stages:
SU(3)c ® SUB)L ® U(1)x ~» SU@3)c ® SUR)L ® U(T)y LW, Su(3). U(1)q - (5)
- In the gauge sector, we have extra bosons: Z,, V£, V0, V0T with m o w.
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= w>65TeV (6)
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- The minimal scalar sector contains

Y\ [ ¢ .
O 0= | o |, | o5 [i0a= | @) |, (87 +(89)7 = vEwand (63) cw  (4)
¢! 9 28

- Symmetry breaking happens in two stages:
SU(3)c ® SUB)L ® U(1)x ~» SU@3)c ® SUR)L ® U(T)y LW, Su(3). U(1)q - (5)
- In the gauge sector, we have extra bosons: Z,, V£, V0, V0T with m o w.
- Attree level, M3 /M7, ~ 1.48 and M, — M7 = M}, ;.
2

Apy = My — 1= (vew/w)?
cos? 9WM§1 4 cos* Oy

= w>65TeV (6)

- The model is such that by forbidding ®,$,®3 and \ITL¢§(\UL)C, a Peccei-Quinn
symmetry’ appears.

- W 3 (W) generates a massless and two degenerate neutrinos m,, o (¢9).



SCOTOGENIC 3-3-1-1 MODEL



Field [ 3-3-1-1rep B—L [ Mp= (=)D"= T U(l)pq
Qor | (3,3%,0,—7) (3. 5-3) (+++) 1
o | @340 | GLY (+++) i
Uar (315.3) 3 + 4
Usr (3.1,5,9) : + 4
dar (3:1,-3.3) 3 T =2
Do | (3.1,-3,-3) -3 + -2
Ya | (1,3,-3,—-3) | (=1, =1,+)7 (+++) -3
ear (,17 -1, 1) —1 + —6
Sar (1,1,0,0) 0 — 0
>, @5 =3:3) 0,0,2) +++)7 =3
@, (1.3,5.3) (0,0,2)7 (+++) 3
®; | (1,3,-3,-%) | (=2,-2,0) (F++) =3
b, (1,3,-1.-1) (=1, -1,1)" (—-—-) =

FIELD CONTENT

- The fermions and scalars are®

- Neutrino masses — \ITch;(\UL)C — voowg — are forbidden by U(1)pq.

- However, U(1)pq is softly broken by ®1¢,®3 (no visible axion field).



SCALAR SECTOR

- The resulting scalar potential is given by

4
v o= 3 [,L ol o)+ M\(o] )’ ] +> [ j(@] &)(f &) + ,\U(¢T¢)(¢T¢)]

i=1 i<j

+ <*%¢1¢2¢‘3 X Zolo0lo, +h. c) , %)

where the cubic term characterised by g breaks U(1)pq softly.
- The scalars follow The scalar multiplets are decomposed as

e &; # 9

2 Vot tHia = il

b1 = o o = % ,  ®3= %3 o =1 ¢, )
T s w+s3+ias $0
¢1 #; V2 4

withw? > v +vi=vZ,.



SCALAR SECTOR

- The resulting scalar potential is given by

4
v o= 3 [,L ol o)+ M\(o] )’ ] +> [ j(@] &)(f &) + ,\U(¢T¢)(¢T¢)]

i=1 i<j

+ <*%¢1¢2¢‘3 X Zolo0lo, +h. c) , %)

where the cubic term characterised by g breaks U(1)pq softly.
- The scalars follow The scalar multiplets are decomposed as

e &; # 9

2 Vot tHia = il

b1 = o o = % ,  ®3= %3 o =1 ¢, )
T s w+s3+ias $0
¢1 #; V2 4

withw? > v +vi=vZ,.

- The soft breaking of U(1)pq leads to a massive pseudoscalar

202 1 202 1 22
VoWaT — VAWa,) + V4Va(s ) po (VAV2 4+ V202 V2w
A= with — mj = ¢ (1Y 4 2 )

’ 1
A/ VAV + v2w? + vin2 2vvoW

- In the limit py — 0, U(1)pq is recovered and Ay would become a visible axion.
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QUARK MASSES

- Allowed Yukawa interactions for the quarks
—Lyq = Y., QEoFul 4y Qo ul +yY Qo U (8)
+ h.c.

- leading to, in the bases (uq, U3) and (da, Do), respectively,

—Vayn VoY, —Vayn 0 "
1 —VoYs =Yy, —Voyh 0 M3x3  O3x1
| = 29 2Y2 23 _ U (9)
V2 s Vi3, V133 0 ( O1x3 K\}3 ) '
0 0 0w :
Vﬂ’% viyg, VW% 0 0
1 sy, vy 0 0 md 0
= | wh wh owE o 0 0 :< o2 B ) (10)
V2 0 0 0wl wh 23 222
0 0 0 wh wh

- U(1)p_r conservation ensures that the standard and the new quarks do not mix.

- The CKM matrix is unitary and defined as Vegm = (Z/It‘)TZ/If'.
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LEPTON MASSES

_ _— MS -
- Forthe leptons:  —L1 = Y& yep + 5, PP 9,53 + —£2(S3)SE + h.c.
- Charged lepton masses = Me = Vv, /+/2.

- As U(1)s—L remains exactly conserved, ®, does not acquire a vev and neutrino
masses are only generated at loop level.

(o) (99)
|*\ + 5
v b4
og( RN
| \
vL Sk Sk VR
3 . 2 2 2 2
(M)ab =D MilioVipSin20 | Moy Moy Moy Moy an
iy = 2 2 2 2 2 2 2 |-
327 my, — M, M ms, — M, M,

k=1
vzwk/

with (m, m) = R(6)(#2, $7*) and tan 20 = s o
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_ _— MS -
- Forthe leptons:  —L1 = Y& yep + 5, PP 9,53 + —£2(S3)SE + h.c.
- Charged lepton masses = Me = Vv, /+/2.

- As U(1)s—L remains exactly conserved, ®, does not acquire a vev and neutrino
masses are only generated at loop level.

(o) (99)
I*\ ,+ '3
v b4
og( N
§ }
vL Sk Sk VR
3 . ) 2 2 2
(M)ab =D MilioVipSin20 | Moy Moy Moy Moy an
iy = 2 2 2 2 2 2 2 |-
k=1 327 my, — Mg My mg, =M M

vzwk/

with (1, m) = R(6)(¢2, ¢2*) and tan 26 = T

- The internal fields are Mp-odd so that the lightest, either iy or Sy, is stable.



DARK MATTER

- To illustrate the DM viability, we consider a simplified scenario:

- where all the non-SM fields, except 7, ,, are heavy and decouple

- mq is the lightest and mostly a SM singlet;

SOl

- 0 < |6 < 0.01(only natural since @ o v/w - avoids DD constraints);

-0 < my, <10*GeVand m,, < m,, <1.1m,, (allowing for co-annihilation);

20
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SOl

- 0 < |6 < 0.01(only natural since @ o v/w - avoids DD constraints);
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DARK MATTER

- To illustrate the DM viability, we consider a simplified scenario:
- where all the non-SM fields, except 7, ,, are heavy and decouple
- mq is the lightest and mostly a SM singlet;
SOl
- 0 < |6 < 0.01(only natural since @ o v/w - avoids DD constraints);
-0 < my, <10*GeVand m,, < m,, <1.1m,, (allowing for co-annihilation);

XENONIT LUX

%107

m?)

x1074

x107%

x107

m-Nucleon og; (¢

x1074°

x107°"

10 100 1000 10¢
mp, (GeV)

- In this very simplified scenario: only the Higgs and Z portals are available.

- The parameter space can become much richer if S, 2/ and Z” become lighter.

20



AXION AND DIRAC NEUTRINOS IN 3-3-1 THEORY




3-3-1 MODELS

Field® 3-3-1-1rep B—L U(L)pq

va  (1L3,-1,-1) (-4 1(~PQo + PQo, + PQsy)
ear (1,1, =1, =1) = 3(PQs + 3PQo, + 3PQy,)
Qat (3340-1) (4 %,7§)T Paq,,

Qs (3.3,1.1) (1,33 PQq,, — PQs — PQo,
Ugr (31.3.1) 1 PQq,, — (PQo + PQo, + PQs,)
Usg (3,1, 3, g) g PQq,,, — PQs — 2PQo,
dar Gn-11) 1 PQq,,, + PQo,

Dar (3,1, g, 73) =8 PQg,,, + PQo,

Sal (1,1,0, —1) —1 3(PQs — PQo, + PQo,)
Sar (1,1,0, =1) —1 3(=PQs — PQo, + PQo.)
@ (1,3, =3 %) (0,0,2)7 PQo,

o (13.4.3) (0,0,2)" ~(PQo + PQs, + PQs;)
@, (13,-1,-%3)  (-2-2,0] PQo,

o (1,1,0,0) 0 PQ,

- [SU(3)c]? x U(1)pq anomaly coefficient: Cog = PQs.

22
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NEUTRINO MASSES

- Charged fermion masses are generated in the same way as in the previous model.
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NEUTRINO MASSES

- Charged fermion masses are generated in the same way as in the previous model.
- On the other hand, neutrino masses arise from

— Ly, =y 1Sk + Y2 P d3(S.) +y° S o Sr + hec. (12)
- In the basis N = (v, S), we have = Mp = -~ 0 Y
=(v,95), D=5 )W v, |
- Since v, > w > v, we have a Type-I Dirac seesaw mechanism:
vy (vSY—=1 (2T
g = PTG, (),
V2

Vo

(o) (3%
X

VL Sr St VR
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NEUTRINO MASSES

- Charged fermion masses are generated in the same way as in the previous model.

- On the other hand, neutrino masses arise from

— Ly, =Y ®1Sp + V2P 3 (S1)° +y° S o Sg + hc. (12)

: 1 0 yr1vy
- In the basis N = (v, S), we have = Mp = 7\ ym)yw yv |

- Since v, > w > v, we have a Type-I Dirac seesaw mechanism:

vy (vSY—=1 (2T
mp ~ YO )W(ﬂ).
V2 Vo
(@9) (6%
X g
vy, Sk SL VR

I

I

I

|
X
o

(o)

- The Dirac seesaw with v, ~ vpg suggests New Physics at a lower (3-3-1) scale w.
- For v, w, ve ~ 107,10%,10"” GeV = m2 ~ 0.1 eV for y° ~ 1, y*1*2 ~ 1072,
24
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AXION PROPERTIES

- The axion profile is given by

.
a= [ [ViPQo, a1 4 V2PQs, a; + WPQq, a3 + Vo PQs 5] (13)
PQ

h Po |2 + 22 with
wher = V- ———4—— , WI
ere feq = PQoy [V2 + L

26



AXION PROPERTIES

- The axion profile is given by

1
a=r [v1PQo, @1 + V2PQo, a2 + WPQo, 03 + Vo PQo 0o ] (13)
PQ
\/2\/2W2 .
Where fPQ = PQU H V%’ + vsz%tri%V\/w? ! Wlth
PQq, ,  PQo, ..o PQe .
—21 — _(cosbcosB)?, —2 = —(cosdsinfB)?, —=2 = —(sind)?, (14)
o~ —(cosdoos Bt = —(cosssing), o = —(sind)
where
ViV, %
tand = ——=2 and tanB = —. (15)
WVEw V2

- The charges satisfy 3, PQe, = PQo as a result of c®;d; @5 in the potential.

26



AXION PROPERTIES

- The axion profile is given by

.
a=—

7 [ViPQo, a1 4 V2PQs, a; + WPQq, a3 + Vo PQs 5]
PQ

(13)
2P
_ 2 \/.‘ \/2W .
where fpg = PQoy [V2 + G e with

PQe, _ 2 PQo, _ - 2 PQo,
PO, (cos d cos B)7, PO, (cosdsin )7,
where

Vi
and tan B =
WVEw

- The charges satisfy 3, PQe, = PQo as a result of c®;d; @5 in the potential.
- Therefore, for vy > w > v, v, we have a ~ a,.
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AXION COUPLINGS

- The axion couplings to charged leptons are —igqe a e’~°e’ with

di T G
= Mcae and  Cge = C—ae = — cos? § sin® . (16)

Goe fa »

Since § — 0 (W >> vew) = gae ~ 3 X (gae)prsz.°

- fa = fpq/Npw, where Npy = 1, whereas Npy = 3 in the DFSZ model.



AXION COUPLINGS

- The axion couplings to charged leptons are —igqe a e’~°e’ with

di T G
= Mcae and  Cge = C—ae = — cos? § sin® . (16)

Jae fa »

Since § — 0 (W >> vew) = gae ~ 3 X (gae)prsz.°

- fa = frq/Npw, where Npy = 1, whereas Npy = 3 in the DFSZ model.
- For the quarks, we have flavour-violating interactions

B =) v A 5
a Q,( [(gaq)/’j - (gaq)ij')’ ] qj, 7)
with ¢’ = u’,d” and
my — mY m{ + m{
% 2 A 2 .2
(gon)j = ——L o L cos’ § x th, (9h)ij = — o L cos’ [sm B X & +X‘,j] ,
d d d d
mé —m mé +m
(QZd)u =" ) cos?S x Xﬁ, (gﬁd)U = L cos’ § [5052 B x & +Xﬁ] R
2fa 2fa

with

Xl = [Wf)tdiag (0,0, —1)uﬁ]ﬁ, q=u,d.



AXION COUPLINGS

- From the [U(1)q]? x U(1)pg anomaly coefficient: Cay = ngQg, we can calculate
Loyy = —g%a F B, (18)

where the axion-to-photon coupling is

Coy 24 4
G = (ﬂ _ ,j) ~ 2 (J 4.95) . (19)
27fa \ Cag 3142 27fa 3
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AXION COUPLINGS

- From the [U(1)q]? x U(1)pg anomaly coefficient: Cay = ngQg, we can calculate
Loyy = —g%a F B, (18)

where the axion-to-photon coupling is

@ 24 4
Gy = =~ (ﬂ,,j)z @ (7771.95) (19)
2mfa \Cag 31+2 2rfa \ 3

- Enhanced value of |ga| ~ 3. 327rf when compared to popular axion models, such
as

* DFSZ-l: Can /Cag = 8/3, |Gan | ~ 0.732.

- DFSZ-II: Cay /Cag = 2/3, |gay| ~ 1. 3sz

- KSVZ": Can /Cag = 0, |gay | ~ 1.95

2 7rfa
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AXION PROPERTIES
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CONCLUSIONS

- » masses can be generated in a number of ways, all of which require BSM physics.
- The smallness of » masses suggests a suppression mechanism:

- (high-scale) seesaw
- radiative generation

- /s nature (Dirac or Majorana) is related to the U(1), symmetry, accidental in the SM.
- U(1), can also be behind DM stability.
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- » masses can be generated in a number of ways, all of which require BSM physics.
- The smallness of » masses suggests a suppression mechanism:

- (high-scale) seesaw
- radiative generation

- /s nature (Dirac or Majorana) is related to the U(1), symmetry, accidental in the SM.

- U(1), can also be behind DM stability.

- We have presented two 3-3-1 constructions where Dirac neutrino masses and dark
matter are interconnected.

- Scotogenic model:

- The conservation of B — L ensures not only Diracness but also DM stability.
- Neutrino masses are generated at loop level and mediated by dark particles.
- DM can be either a scalar or a fermion.
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CONCLUSIONS

- » masses can be generated in a number of ways, all of which require BSM physics.
- The smallness of » masses suggests a suppression mechanism:
- (high-scale) seesaw
- radiative generation
- /s nature (Dirac or Majorana) is related to the U(1), symmetry, accidental in the SM.
- U(1), can also be behind DM stability.

- We have presented two 3-3-1 constructions where Dirac neutrino masses and dark
matter are interconnected.

- Scotogenic model:
- The conservation of B — L ensures not only Diracness but also DM stability.
- Neutrino masses are generated at loop level and mediated by dark particles.
- DM can be either a scalar or a fermion.
- Axion model:
- Dirac seesaw: m” o vi(w/v, ) = NP at a relatively low (3-3-1) scale:
w(~ 10TeV) < v, (~ 10™GeV).
- The model is a hybrid DFSZ-KSVZ construction, but with dominant DFSZ-like features.
- Flavour-violating axion couplings to quarks follow from the gauge structure.
- Axion couplings to electrons and photons are enhanced.
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STUECKELBERG MECHANISM

- Covariant derivative SU(3), ® U(1)x ® U(T)n

a *
) ) ) g
Du®; = |y + gL Wi, — igxXB,, — rgNNCu:| o = (8“ + 17‘79“) o (20)
the diagonal terms of Py, with tx y = gx,n/gL, are
W w8 W we we
+ — — 2(txXB + tyNC) , —W" + — — 2 (txyXB + tyNC) , =2 [ —= + txXB + tyNC s (21)
( 7 (tx NNC) 7 (tx NNC) (ﬁ X N ))H

- After SSB, in the basis B], = (W3, W&, B, C,.), we have
LD %BLM%B“ + %(mc“ — oMoy + L3 (22)
M? comes from the Higgs mechanism; m is the Stueckelberg mass of the C#; and o

is the scalar Stueckelberg compensator
c* — c* +0%Q(x), o — o+ mx). (23)

- Diagonalising by blocks, we find m2 ~ m%SM + O((vew/w)?) and

My g = 1ls {wzgi (16th + & +3) +om” ¥ G\/[wzgf (168 — § —3) + 9m2] 2 + 6awrgtey (5 + 3)} ,

with G = sign[w?g? (16t} — tZ — 3) + 9m?].
- In the limit m — 0, one of these becomes massless.
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3-3-1 PHENO

- di-leptons searches at LHC™

Q)

z!

- BY — BY mass difference

0 0
Bg Ba
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