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The general idea



Separating the chiral fermions

/\Massnﬁing
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Three massless chiral fermions One massless and two massive chiral fermions



The EFT will look anomalous
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Three massless chiral fermions One massless and other massive fermions

Anomaly cancellation among the three



The EFT will look anomalous
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Energy

UV cutoff of the EFT
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Three massless chiral fermions One massless and two massive chiral fermions

Anomaly cancellation among the three Anomaly cancellation lost in the EFT

Old story but very few explicit realizations



A perturbative EFT field description

Higgs mechanism

Energy
UV cutoft of the EFT

Qo 00

Many massless chiral fermions Hierarchy of Yukawa couplings
n Hierarchy gauge vs Yukawa couplings

Gauge bosons . . . .
Hierarchy might lead to non-perturbative coupling e SRt X NE SN




Our objective 1s:

To orchestrate a situation 1n which

the contributions to the anomalies

ofthe U()a  gauge symmetry
cancel out between:

- the light fields present in the effective

field theory
and

the (non-observable) heavier chiral
fermions.

Awmang for:

UV cutoff of the EFT

Picture after Higgs
mechanism



An explicit Model:

Our objective 1s:

To orchestrate a situation in which the contributions to the anomalies of the

U (Bapge symmetry cancel out between:
Standard Model
New (secluded) sector

the light fields present 1n the effective field theory

and

the (non-observable) heavier chiral fermions =




[ he Model Field Content

Our objective 1s: SM sector

To orchestrate a situation 1n which
the contributions to the anomalies
ofthe U(1)4, gauge symmet
cancel out between:

Secluded sector

the light fields present in the effective
field theory

and

the (non-observable) heavier chiral
fermions.

Table 1: The particle content of the model
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Masses through Higgses

F=1,2.3

SU(3) SU(2) U(l)y U(1)a
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Masses through Higgses

SU3) SU2) U(L)y U(1)a
1/6

vV L Vg

pd = QO QO N

U(1), gauge boson mass
M4 ~ galgs|vs.
Yukawa terms Yz’jlziw%g , Where by S we denote S or S*
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tra h fermi
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Exploration of potential models



1 he Complete Model anomaly cancellation equations

Cancellation of the anomalies contributions
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Anomalies contributions = Triangular Feynman diagrams
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Exploration of potential models

STEP 1: Reduce number of parameters



Constraints from SM fermions masses

SU(3) SUR2) U(l)y U(1)a

SM Yukawa couplings QJ f=1,2,3 3 2 1/6 2z
- | | | u%f 3 1 —-2/3  z/
QLHdRy — —2q—2;+zn =0, 4o/ 3 1 13 2
Q Huly, — —z5—2, —z5 =0, L/ 1 2 —1/2 2
I_JiHeg%, — =2t — zgR +zg = 0. e%f 1 1 1 2

Vg 1 1 0 2l

Dirac neutrino mass H 1 2 1/2  zm
L'Hvl, — —2j—2z —zn =0, A 1 2 n @
(w}é) i=L.Ny 1 2 -y oa

Majorana neutrino mass L 1 Lo
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Constraints from the extra fermions Yukawa’s

Secluded sector Yukawa couplings
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Anomaly equations from SM fernuons

Cancellation of the anomalies contributions
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Impose relations from Yukawa coupling constraints:
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Unwersality hypothesis

Assume universality with respect to both U(1)’s
SU(3) SU(2) U(L)y U(1)a
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Anomalies from the extra fermions

Cancellation of the anomalies contributions

! .
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Exploration of potential models

STEP 2: Solve the anomaly equations



Solving i the case where all N°s are non zero

12 parameters: y., Ve, Yo, Yd» AL, G, G0, Gds Os, ZH, N and Ng
SU(3) SU(2) U(L)y U(1)a

We demand: ! Ff=1,2.3 3 2 1/6 2z
u%f 3 1 -2/3  Z
All charges are rational numbers. ds! 3 1 1/3 o
| . ] . . L/ 1 2 —-1/2
The lepton-like extra fermions" - have electric charge® or 1, and" © electric charge o L
‘1 % 1 1 1 2
o V5! 1 1 0 2
The quark-like extra fermions" @ and" 9 have electric chargest 1/ 3 or + 2/ 3. Indeed, H 1 2 1/2 zm
this condition ensures that when the color forces conbne, the resulting bound state o | |
can all carry integer charges. wL; 1 2 L
(sz)C t=1,.., VL, 1 2 —yi qL
We will consider ! =1,!e=11!4=1and!g =11 2 1 1 v, dl
(?ﬁgj)c J = 1, 7Ne 1 1 —yé 5]27
We oot ?,Z N N
g . (ka)C k= 17 '°7Nd 3 1 _ys qA;Zk
1 1 2 vL” 3.2 yy 4
yL — ié! YQ — ié! Yd: ié! Ye: il; NL — NQ (me)C m:17 7NQ 3 2 _yg qu
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Model a Model b Model c

SU@B) SU2)| U)y U@)a| UQ)y U@Da| U@y U@Q)a
Ql f=1,23 3 2 16 Y3 | U6 23| U6 13
ug' g 1 | 123 1103/ 123 183|123 143
dgf g 1 /3 &3 | 13 43| 13 23
Ll 1 2 | 112 1 | ty2 2 |[1ty2 1
edf 1 1 1 2 1 0 1 0
| of 1 1 0 | 4 0 14| 0 )
H 1 2 12 3 12 2 12 1
" 1 2 | ry2 13 |rty2 13 |1y2 11
("R)S i=1,a4aN, 1 2 | +1/2 6 | +1/2 5 | +1/2 2
N 1 1 11 13 | +1 13| 11 11
("2)° j=1,444N.| 1 1 +1 0 11 1 +1 0
L 3 1 | 123 0 | 23 U3 |!'23 0
("%) k=1,4442N.| @ 1 | +2/3 3 | 123 g3 | 23 1
" o 3 2 | +1/6 0 | +1/6 U3 | +1/6 0
("9m) m=1,444N. | @ 2 |1U6 13 |!11U6 173 1U6 I1
S 1 1 0 3 0 2 0 1
to 6 12 6
tyy A | 3 | 6 | 3
ty AA | 36 | 48 1 12
tAnA | 324 | 288 | 36

Table 3 . Examples of anomaly-free solutions, with allN;s = 0. Model a: Anomaly-free solution
with g = G, 04 = 0o, and N =1,z =1. Model b: Anomaly-free solution with . = G,y = 0o,
and N_. =3, z. =2. Model c: Anomaly-free solution with g = Q, 0y = 0o, and N =3,z =1.




Energy domain of validity

I: The UV cut-off of the EFT



The EFT UV Cutoff: Preskill bound

The vector bosonZ' obtains its massM 5 as the sum of two distinct contributions:

[0R thma  + 2030V tyan’ + GAGG tavy  + QGBSO + gagBty

! eff

0
Ma” = galas|Vs MO AYY.

Tree-level Higgs contribution o o
One-loop radiative contribution

]

We assume knowledge of the madgl o and the coupling constantga of the U(1)a gauge bo-
son, denoted asZ’, either through theoretical calculations or experimental measurements.

We want to infer the value of the cut-off energy from this information



The EFT UV Cutoff: Preskull bound

Often quoted 1s the Preskill cutoff

| | i 64 °M A i
- eft - light light light light light )+ |
03 than 203 0vtyan |+ OaGdtavy )+ ga g3ty ") + gagdty e !
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The EFT UV Cutoff: Preskull bound

Often quoted 1s the Preskill cutoff

| | i 64 °M A i
et o light light light light light )1
B than  +20ROvtyan * + Ga G tayy | + 0ag3ts " ) + ga ity )]
More precisely, the Preskill bound 1s
eff | (light ) (light ) (light ) (ight ) . O gzt(light )]!
313

/ [Oatans ~ F2020vtyan + OAGStayy ~ + OaGSE;
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The EFT UV Cutoff

The €l ective theory cut-o! scale! o+ will be approximately equal to the mass scale of the
heavy fermions, I.e.,

et | Mg

the heavy secluded fermion mass originates from the Yukawa coupling

M;s | Yij Vg | Vg
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The EFT UV Cutoff: Preskill’s bound domain of validity

The ratio of the loop-induced mass with respect of the tree-level one Is now of orde

() |
()

2
Ma®  Oa !Taan ! wﬁ#www@ Ma® | 30222 N,
M A © 641 30 all extra fermions heavy M A © 16 3

Indeed, the dominance of the anomaly loop-induced mass for th& , requires that ga zy “Ng %
10%. To achieve a lightZ, withamassMa ! My, it necessitates a couplinggs ! 1. This,

in turn, implies signibcantly large charges and/or a large number of PeldiNg, especially
f we assumegs = 1.
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The EFT UV Cutoff

One potential resolution to this issue Is that only some of the fermions are heavy enoug

fermions” ti with large chargesgL & os are heavy and inaccessibl

| () |
MAD G VN WN 8 MA@ 32 2N,
Ma©@ 64 3gs A VNG 32! 3

g2 g N that needs to be of order% 10°
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The EFT UV Cutoff

L et | My M;i ! Yij Vs | Vg M'go) = OalOs|Vs
M
l | off " > 0
! et " (Gs > 0)

In the case wherega IS hierarchically the smallest coupling in the theory, the magnetic
Swampland Conjecture can be used to put a bound as:

L eff 5! oc " GaMp ' Ma §0gaM,
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Energy domain of validity

I1: Above the new fermions scale: the UV model



To make sense of our UV model description: a perturbative QFT, we request:

A model which can be valid many orders of energy scales above the new fermions scale



To make sense of our UV model description: a perturbative QFT, we request:

A model which can be valid many orders of energy scales above the new fermions scale

The hierarchy:

Mass of Z’ << Mass of new fermions

implies:

Coupling of Z’ << Yukawa coupling of new fermions



To make sense of our UV model description: a perturbative QFT, we request:

A model which can be valid many orders of energy scales above the new fermions scale

The hierarchy:
Mass of 7 << Mass of new fermions
implies:
Coupling of Z’ << Yukawa coupling of new fermions
But:

The coupling of Z’ must not be too small so that we can detect the Z’

implies:

Yukawa couplings of new fermions are of O(1)



To make sense of our UV model description: a perturbative QFT, we request:

A model which can be valid many orders of energy scales above the new fermions scale

The hierarchy:
Mass of 7 << Mass of new fermions
implies:
Coupling of Z’ << Yukawa coupling of new fermions
But:

The coupling of Z’ must not be too small so that we can detect the Z’

Which implies:

Yukawa couplings of new fermions are of O(1)



To make sense of our UV model description: a perturbative QFT, we request:

A model which can be valid many orders of energy scales above the new fermions scale

and
Yukawa couplings of new fermions are of O(1)

imply:
The RGE should make the Yukawa couplings not grow with increasing energy:

The contributions from gauge interactions to the RGE of the Yukawa couplings should dominate



A SUSY example

SUB) SU@) U(@1)y U(1)a
Q! f=1,23 3 2 1/6 | 1/ 48
ug' g 1 123 97/ 48
de' g 1 1/3 | 9548
Ll 1 2 112 | 1/ 48
e 1 1 1 | 95/48
| of 1 1 0 97 48
H, 1 2 1/ 2 | 2
H, 1 2 1/ 2 2
L 1 2 1 1/2 35 8
(" g1)° i =1,44aN, 1 2 +1/2 9 2
e 1 1 +1 0
(" &)e j =1,4442N, 1 1 11 0
" d 3 1 1 2/3 5 4
(" 2)° k=1,4442N_ g 1 +2/3 1 9/8
e 3 2 +1/6 2
("2")  m=1,444N, g 2 116 | 158
S 1 1 0 1/8
S' 1 1 0 | /8
S, 1 1 0 1 3/2
S} 1 1 0 11/ 8

SUSY, as a bonus, allows easily to unity the couplings
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Conclusions

In summary, we have build models whith an anomalous Z’ 1n a range of energies and
free of anomalies above a scale much below the Planck scale.

In a SUSY set-up, we can find models that allow to unify the couplings.

Work 1n progress ...
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m¢ - dependent the anomalous coupling




