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Separating the chiral fermions

Higgs mechanism
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Three massless chiral fermions One massless and two massive chiral fermions



The EFT will look anomalous
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Energy
UV cutoftf of the EFT
Three massless chiral fermions One massless and two massive chiral fermions
Anomaly cancellation among the three Anomaly cancellation lost in the EFT



1 he Complete Model:  Field Content

SU(3) SU(2) U(l)y U(1)a

Our objective 1s: SM sector ! f=1,2,3 3 2 1/6 24

S 3 1 —2/3 =z

To orchestrate a situation in which s 3 1 1/3 2
the contributions to the anomalies L) 1 2 -1/2 4

of the U(1)4 gauge symmetry 631%]; 1 1 1 2
cancel out between: VR 1 1 0 2

H 1 2 1/2 <H

: : : Secluded sector = 1 2 : L

- the light fields present in the effective e L I
field theo N

ty 7 11 oy g

d (@%)C ] — 17"7N6 1 1 —Z/g CZ?]

an L 3. 1y, g

. . (Zﬁ%’“)c k=1,.., Ny 3 1 —ylj cj;ik

- the (non-observable) heavier chiral QA 3 2 ym B
fermions. (vg™)¢ m=1,.,Nq 3 2 -y Q"

S 1 1 0 qs

Table 1: The particle content of the model



Mass through Higgs

SU(3) SU(2) U(l)y U(1)a

! F=1,2,3 3 2 1/6 24
1 (0 v ufy 3 1 -2/3 2
S _

(H) = 7 (U) , (S) = NG d%f 3 1 1/3 zcjl:
Ly 1 2 —-1/2  z

b < e 1 1 1 27

5 y;;:f 1 1 0 zg

H 1 2 1/2 <H

U(1)s, 8&auge boson mass

LL YL L

(%?f)c L = ]-7 '7NL 1 2 _yi é\iz

Ma ~ galgs|vs. r 11y 4

(wg)c Jg=1,.., N 1 1 —yl qe’

—. .~ ~ dj k k

Yukawa terms Y;;1% %S, where by S we denote S or §* L 3 1 Yd qdk
(ka)c k= 17 7Nd 3 1 _ylj Cj&

M. = Vi YL 3 2 Y% 9q
1,17 ijUS (YR™)¢ m=1,.,Nq 3 2 —yg Q"

S 1 1 0 qs

Yij oc 0y



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 Huj, — —z5—2, —z5 =0, L/ 1 2 —1/2 2
I_ﬂ'He%, — =2t — zgR + 2z = 0. e 1 1 1 2

Vg 1 1 0 zl

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

Majorana neutrino mass L 1 Lo
(Yg)° J=1,.,Ne 1 1 -yl ]

~ 7 3. 1 yi 4
Efq’iu{z% — 2+ —(€))"ngs =0, () k=1,.,Ng 3 1 —ys @
e 3 2 yg 7H)
mye o n

=) = +1 depending if we use S or S* ng )*m=1,.No i) i _gQ q;gs




Constraints from the extra fermions Yukawa’s

Secluded sector Yukawa couplings SU(3) SU2) U(l)y U(1),4
! f=1,2.3 3 2 1/6 2§
c.f 2 f
L, L; & : o : up 3 1 —2/3 z3,
Y YRS = —qp, —qu +epgs =0 s 3 1 13z
_6 e A . —~ o .

LYRS — =gl —q’ telgs =0 L 1 2 —1/2 2
“dy, i dy & L o~k k . c.f f
Qm Qmsf m —~1m m vy 1 1 0 2

—  —qO — + ¢ =0 R v

@DL wR dQ — 4Q Q4s 121 1 2 1/2 2H
Yr 1 2 oy 4

S denotes either S or S* (@bf{)c i=1,.., NL 1 2 —yt  qL’
o 7 1 1y g
8%476%78(]3768 o __1 (dg)c j:17°°7N6 1 1 _yg élvej

L 3. 1y g

(W) k=1,.,Ny 3 1 —yk G

vr 3 2 yq 4q
(YRF™) m=1,..,Nq 3 2 -y Q"

S 1 1 0 qs



1 he Complete Model anomaly cancellation equations

Cancellation of the anomalies contributions

I'r
I'r
I'r
I'r
I'r

I'r
I'r
I'r
I'r
I'r
I'r

:QA] SM

qaT> T3]

qaT5Ts

:YYQA] SM
Y qaqalsm
GAQAGAlSM

SM
SM

= —1'r
= —'r
—1'r
—1'r
= —'r
= —'r

Ylom = TrY |seciuded =0,
YYY] sy =1T :YYY]Secluded = 0,
YToThlspy = TrYToTo seciuded = 0,
YT5T3|sp = Tr Y1315 scciuded = 0,
T3T3T5 50 = TrT3T5T3]sectiuded = 0,

G4 secluded =14,

YYqalsecluded =tyya,
:YQAQA]Secluded =ty AA,
GAGAGA]secluded = TAAA,

QAT T3]

qaTs5Ts

secluded = t27
secluded = t3-

Anomalies contributions = Triangular Feynman diagrams
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! f=1,2,3

SU(3) SU(2) U(1)y

pd e = QO QU QR

= R W Wl W = e =

N = N = N
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Anomaly equations from SM fermuons

Cancellation of the anomalies contributions

Triqgalsm :Zf:GZ(J;+3z5—|—3z§+2z{+zef—l—zg] = {4, f SU(3) SU(2) U(L)y U(?)A
Tr(YYqalsn = S716(yg)2 2 + 3(ul) 2] + 3(y))%2h + 2(u1 )24, + (w1)2L] = tyva, =128 3z w6 g
Tr[Yqaqalsm = S [6G(24)” + 3yl (20)? + 3y} (24)* + 247 (1) + y! (z))?] = tyaa, o - ‘f/f i
Trlaagagalsn = Xl6(2q)" +3()* +3(20)? +2(20)* + (z))* + ()] =taaa LI 12 1 A
TrigaTsTolsm = Y5324 + 4 = 12, ol 11 1 2
I'r :QATSTS]SM = Zf 226 + Z,L]Z + Zg] — 13, V%;f 1 1 0 ZZ
H 1 2 1/2 2H
Impose relations from Yukawa coupling constraints:
r 1 2y g
Trigalsy =X s024, + 20 + 2] =ta (W) i=1..Nu 1 2 -y
TrlYYqalsn = —3 Y 325 + 2] = tyya Lo 11y g
TrYqaqalsm = —2 Zf[?)zé + Z{;]ZH =1ty AA ( df) J=1Ne ; 1 _Zg qi
Tr;quAqA]SM — Zf[z})’{f—l—i%z}?(z{)%—(z{)3—3z%{z£—18,7;%{26 +(20)3] =taan (jf{“)c k=1 N, 3 | _y;/j q%dk
I'r _CIATZTQ]SM — Zf[SZQ -+ ZL] = 12 (g 3 2 R 90
TrigaT3T3)sm =0 = t3 (Yr™) m=1,.,Nq 3 2 -y§ Q"
S 1 1 0 qs
tyya =5tz tyaa=—2zgty, t3=0. ta =0, tasa = —625ts

(neutrino Dirac mass 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)4

. . ! f=1,2.3 3 2 1/6 2zl
Vi=1,.,NL Vj=1,.,No Vk=1,...N; Vm=1,..Ng 7 2 > _2//3 9
2 p— ] p— k p— m — " P ¥
5% EL, 83 Ee eclli Ed 8% 5Q d%f 3 1 1/3 ZCJ;
Y1, = YL Yo = Ye Yd = Yd Yq = ¥YQ L) 1 2 —-1/2
- - 4 B ;
qf, = 4L @ = e q; = qd 16 = 4qQ eR]; 11 1z
—~ — ~ ~ ~ L ~ —~ — c, f
H 1 2 1/2 <H
Vr 1 2 yi Qf.
(W) i=1.,Nu 1 2 —yi a
' 11y
(@) j=1,.,No 1 1 —yi g
d
LI; 3 1 Y q;
(ka)C k= 17 7Nd 3 1 —ylj quk
Qm m m
L 32 Yq g
(Wg™) m=1,.,Nq 3 2 -y Q"
S 1 1 0 gqs
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Anomalies from the extra fermions

Cancellation of the anomalies contributions

I'r :QA]secluded — (szNL eelNe + 384Ny 65QNQ)QS = —t4, ! SU(3) SU(2) Ul)y U(}E)A
[ 2 2 L f — 17273 3 2 1/6 ZQ
Ir _YYQA]secluded — (szyLNL + Cele Ne u%f 3 1 _2/3 Z{;
¢, f 2 f
+ 3€dy§Nd + 6€Qy%gNQ)QS = —tlyvaA, if} ‘j ; 11/;’2 Z;é
L — 2,
I'r [YQAQA]secluded — —Q?q (QyLNL =+ yeNe =+ 3yclj\]d - GyQNQ) e%f 1 1 1 Zg
c, f f
+2¢s (2€LquLNL + eleqeNe VR 0
H 1 2 1/2 ZH
+ 3€qyaqaNa + 68Q?JQ6]QNQ) = —1ly AA,
TT[QAQAQA]secluded — (]?q (25LNL + €eNe 4+ 3eqgNg + 65QNQ) wLL. . yL,L- /q}z
(YR ) 1=1,.,NL 1 e T
— 3¢5 (QCILNL + geNe + 3qaNg + 6QQNQ) % 1 1y ¢
R J=1L.Ne 11—y G
+ 3¢5 (QSLQ%NL + g5 Ne ( dfj) J ve e
L 3 1 Yd d
+ 3€dq§Nd + GSQQ%QNQ) = —TAAA, ( jé’“)c k=1,.. Ny 3 1 —yl(j qq"
m 2 m m
Tr{qaT>Ts|sectuded = (ELNL + 3eqQNQ)4s = —to, Eij LN g X _y;gm gqum
TT[QATSTS]secluded — (5de + 28QNQ)QS = —13. g f e 1 1 OQ qu
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Solving in the case where all N's are non zero

The equations t3 = 0 and t4 = 0 lead to:

21, N1, + €N = 0,
QSQNQ + <€de = 0.

Ne = 2Ny,

Ny = 2Nq.

Since the N'’s are positive integers, we must have er,e, = —1, eQeq = —1 and thus
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Solving in the case where all N's are non zero

12 parameters: yr,, Ye, YQ, Yd, 4L, de; 4Q, 4d, 4S, <H Ny, and NQ
SU3) SU(2) U(l)y U(1)4

We demand: ! f=1,2.3 3 2 1/6 2z

S/ 3 1 —2/3 2

All charges are rational numbers. d%f 3 1 1/3 ZCJ;

. . I . . L] 1 2 —1/2

The lepton-like extra fermions 9™ have electric charges 0 or =1, and ¢ electric charge CLf 5;

ey € l?f 1 1 1 ch

vp 1 1 0 z3,

The quark-like extra fermions 1@ and 1 have electric charges +1/3 or +2/3. Indeed, H 1 2 1/2 zm

this condition ensures that when the color forces confine, the resulting bound states o | |

can all carry integer charges. L; | 1 2 JL EEL

( RZ)C 1 =1,.., Ny, 1 2 —yi qL

We will consider e, =1, ¢, = —1,eg =1 and eq = —1 7 1 1 1 q’

(?ﬁgj)c J = 1, 7Ne 1 1 _yg 5]27

We set. 7 3. 1 yi

e get: (W) k=1,.,Ng 3 1 —yk g

1 1 2 " 3 2 yg 4§

Y, — T——, yQ — I, Yd — £, Ye — ::1, NL — NQ (me)c m = 1, ..,NQ 3 2 —yg qQ
2 6 3

S 1 1 0 qs

13



Case 1:

Case 2:

Case 3:

\
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Simple solutions when all Ns are non zero

3 cases:

/

_ 295z + C]% yL + Ye + 3(yg + yQ)] _ QZ%J(yQ — y4)

dL. — (e

/

\

’

\

QQS(yL_y€+yQ—yd) 9 {
10 = 4 = 2qszHg + %29 [yL T Ye T 3(yd + yQ)] + QZ%J(yL — ye) u%j:
\ —6¢s(yr. — Ye + YQ — Ya) ?ﬁf
L
L= —q. — 295z + 61% L, + Ye + 3(yg + yQ)] — QZ%J(yQ — Yq) e%];
6 2qs (YL, + Ye) 7 ;?
3qs "
7 (JLz‘)c
_ __*H ef
dL. = de = - !
S 2 2 (P )°
1 = —qu 29520 + ¢ YL + Ve + 3(ya + yqQ)] + 22% (yr, — Ye) i
(DR
( Qm
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Solution.

Lxample 1

SU(3) SU(2) U(1)y

SM sector Qé f=1,2,3 3 2 1/6
u%f 3 1 -2/3
s’ 3 1 1/3
L) 1 2 —1/2
e 1 1 1
V;%’ 1 1 0
H 1 2 1/2
Secluded sector %’L 1 2 —1/2
() i=1,.,NgL 1 2 4+1/2
7 1 1 -1
(W3) j=1,..,2N, 1 1 +1
O 3 1 —2/3
(Y k=1,.,2N, 3 1 +2/3
A 3 2 +1/6
(V™) m=1,.,N, 3 2 —1/6
S 1 1 0

Table 3: Anomaly-free solution with qr, = ¢¢,qq = qq, and Ny, = 3, 2z, = 1. The U(l)i
anomaly is t 444 = —36 . With the Majorana mass term for the RH neutrino, we can take
n=2 e =41, z2p = -2, 29 = 4/3, which implies 2z, = —=7/3, zg = —1/3, 2. =1, 2, =1
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Solution:  Example 2

SU(3) SU(R2) U(l)y U(1)a

SM sector Q/ Ff=1,2.3 3 2 1/6 2/3
uS’! 3 1 —2/3 —8/3
s’ 3 1 1/3 4/3
L) 1 2 —1/2 2
e 1 1 1 0
V]C—{’ 1 1 0 —4
H 1 2 1/2 2
Secluded sector Li 1 2 -1/2 =3
(pp)e i=1,., N 1 2 +1/2 5
7 1 1 +1 =3
(W3) j=1,.,2N, 1 1 —1 1
O 3 1 +2/3 1/3
(Y)Y k=1,.,2N, 3 1 —-2/3 5/3
T 3 2 +1/6 1/3
(Yvp™) m=1,.,NL 3 2  -1/6 —7/3
S 1 1 0 2

Table 4: Anomaly-free solution with q1, = ¢, g4 = qqQ, and N1, = 3, 21, = 2. The U(l)i
anomaly is t a4 = —288 . With the Majorana mass term for the RH neutrino, we can take
n=1,¢e,=-1, 21 = —1, 2 = 5/3, which implies z, = —11/3, 24 =1/3, 2. =3, 2, = —1
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Solutiwon:  Example 3
SU(3) SUR2) U(l)y U(1)a
SM sector ! F=1,2,3 3 2 1/6 1/3
uS! 3 1 —2/3 —10/3
dy, 3 1 1/3  8/3
L) 1 2 —1/2 1
e 1 1 1 2
V%’ 1 1 0 —4
H 1 2 1/2 3
Secluded sector }f 1 2 -1/2 =3
(pp)e i=1,.., Ny 1 2 +1/2 6
7 1 1 -1 —3
(w3)e j=1,.,2N, 1 1 +1 0
% 3 1 —2/3 0
(P k=1,.,2N, 3 1 +2/3 3
Y 3 2  +1/6 0
(Yp™) m=1,.,N,, 3 2 -1/6 -3
S 1 1 0 3

Table 5: Anomaly-free solution with g1, = ge, ¢4 = qq, and N, = 1, z;, = 1. The U(l)a
anomaly is t 444 = —324 .
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Solution: some N°s vanish

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

SM sector Ql f=1,2,3 3 2 1/6 1/3
uS! 3 1 —2/3 —4/3
ds! 3 1 1/3 2/3
L) 1 2 —1/2 =2
e 1 1 1 3
V%’f 1 1 0
H 1 2 1/2 1
Secluded sector %Z 1 2 0 1/2
(Yp)e i=1,.., Ny 1 2 0 1/2
7 1 1 +1/2  1/2
(W3) j=1,.,2N, 1 1 —1/2 —=3/2
S 1 1 0 1

Table 9: Anomaly-free solution with (Ng, Nq) = (0,0), (N1, Ne) # (0,0), written with
the choice of the free parameters gs = 1, zg = 1, 2q = 1/3 and Np, = 3. The U(1)"
anomaly is t 444 = 18 .
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The EFT UV Cutoff: Preskull bound

Often quoted 1s the Preskill cutoff

Negf ~
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The EFT UV Cutoff

The tree-level mass for the gauge boson 2/,

MY

= gAlgqs|vs

The predominant radiative contribution to the U(1) 4 gauge boson Z/; mass

M4 ~

-

light light light light light
G35 4262 gyt 1+ gag2t 50 + gagdty ™ + gagdty A
6473

heavy fermions, i.e.,

Aeff ~ Mf

the heavy secluded fermion mass originates from the Yukawa coupling

Mf EY;']'US ~ Vs
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I'he effective theory cut-off scale A.r¢ will be approximately equal to the mass scale of the




The EFT UV Cutoff

The ratio of the loop-induced mass with respect of the tree-level one is now of order:

h
M, g4 ‘tiﬁm( , s MaY 3¢%22 Ny,
~ all extra fermions heavy ~
M4 64m3qg M 4 ©) 1673

[ndeed, the dominance of the anomaly loop-induced mass for the Z’; requires that g2 g’ N Q ~
10%. To achieve a light Z 'y with a mass M4 < M, it necessitates a coupling g4 < 1. This,
in turn, implies significantly large charges and/or a large number of fields Ngq, especially
if we assume gg = 1.
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The EFT UV Cutoff

One potential resolution to this issue is that only some of the fermions are heavy enough

fermions w%i with large charges gL > gg are heavy and inaccessible

h
My gi‘t;f)m| NpT hea >
~ V
MA©® T 64mgs L TR

M4 3¢%63 N

giq%NL that needs to be of order ~ 103
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The EFT UV Cutoff

0
Aepp = My My = Yijvg = vs My = galaslvs
M
Norp > ()
j Ff s (gs > 0)

In the case where g4 is hierarchically the smallest coupling in the theory, the magnetic
Swampland Conijecture can be used to put a bound as:

Aerr S Aga = gaMp = My < gaM,
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Conclusions

In summary, we have explored a scenario where the gauge symmetry appears to be
anomalous at low energies but 1s completed 1n the ultraviolet (UV) such that there are
no anomalies.

We have defined a set of models that achieve this, with the Standard Model (SM)
being charged under this U(1) extension.

We provided explicit examples of such models and discussed the location of the
cutoff scale for the effective field theory (EFT).

Work 1n progress ...
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