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Grand Unification
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The Standard Model (SM) is based on the group
GSM = SU(3)C X SU(2)L X U(l)y

Thus ... there are 3 gauge couplings to be explained
D, = 8, — tgsA\“G* — igoc®W* —ig1Y B

A standard GUT(Grand Unified
Theory): values of the gauge
couplings can be explained

G s is a subgroup of some simple
Lie group: SU(5), SO(10), E(6), ...
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And fermions?

S U (5) ( | | | 1 SM fermions are packed

together in representations
of the GUT group

Relations between SM Yukawa

Q ut d° sl ech

matrices are expected

Yi;

16, - 16, - 10

SO(10)

Y=Yy =

4
Yp =Yg (=Y,)
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Flavor

There are 3 copies/generations/flavors/families of each fermion
representation at low energies (we don’t know why)

Flavor = property of fermions

U D * E
YYQuuSH + Y, QdsH” + Y, LieSH”
Yukawa couplings:
3 by 3 matrices
B Rt e e
vp Vi Vi | (Y g Ui [y v, vy
Gy il g e )
Y31 Ys2 Yss Y31 Y32 Yss Y31 Yszz Yss M,
May,c,t,d,s,b a0d Vor v Me,pu,7v1,02,0s AN VPMINS
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Flavor and GUTs

SU(5) S0O(10)

e

2 ¢ o c gt
d1 I, Uy €4 Q1 Uy dI

L -
LApei v

15t generation
2vd geperation
3rd generation

‘Standard’ GUTs:
Perfect family replication Yi;16; - 16; -

d;

dy

10 3 by 3 matrix as the
SM Yukawas

Cannot explain flavor
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Family unification

ol i} < e bk

Q1 vy dy Q2 u; dy Q3 ug d
. e
L€} Lyel Lyeq

The concept is old

[Gell-Mann, Ramond, Slansky, 1979] [Georgi 1979]
[Wilczek, Zee 1979, 1982] [Frampton 1979] ...

But no realistic model until now

Why? Group G and representation R
must be such that before EWSB only

the SM fermions are be massless
(so must be careful with the ‘...’ in the picture)

Renato Fonseca Explaining the SM flavor structure with grand unified theories



Family unification

[Georgi, “Towards a Grand Unified Theory of flavor” 1979]

@, ut a2 | 4. Generalizations of one-family SU(5)

5
L€

I now have the tools to generalize the SU(5) theory in a non-trivial way. I want  d
to find a group and a representation for the LH fermions consistent with the rules

set down in sect. 3 such that the ordinary mass fermions consist of several families [Georgi 1979]
of quarks and leptons, but I want to avoid a trivial solution in which a small repre-

oned 27} i
4 sentation is repeated several times, so I demand yet another principle.

The third law of grand unification: no irreducible representation should appear
more than once in the representation of the LH fermions.

In the simplest SU(S), of course, this is just the restriction to one family.

One might hope to obtain more than one family without enlarging the gauge
group by making use of more complicated representations of SU(5). Unfortunately, .
) o . ) . entation R
: this does not work. Such representations, if they yield any ordinary mass fermions

il at all, predict ordinary mass fermions with peculiar SU(3) X SU(2) X U(1) proper- WSB OIlly
{ties *. Unless there are real surprises between presently accessible energies and 100
1GeV, such representations are ruled out.

til now

massless

the pict
In enlarging the gauge group, I will restrict myself to groups which have the € picture)

ordinary SU(5) theory as a subgroup. In fact, for reasons which will soon become
clear, I will concentrate on larger unitary groups SU(N) into which SU(5) is em-
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Family unification

) E < ) P L
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The concept is old

[Gell-Mann, Ramond, Slansky, 1979] [Georgi 1979]
[Wilczek, Zee 1979, 1982] [Frampton 1979] ...

But no realistic model until now

Why? Group G and representation R
must be such that before EWSB only

the SM fermions are be massless
(so must be careful with the ‘...’ in the picture)

But in the Suggestion which might work: [RF 1504.03695]
last few years ... G:SU(IQ) and R=171 [Yamatsu 1807.10855]

It might even be the only setup that works under some assumptions
(4D-spacetime, no extra confining gauge interactions, ...)
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A model SU (19)

Fermions: 171

(19 X 19) , <— 2-index anti-symmetric tensor
We assume one scalar

: Q2 = 3876 <4 4-index fully anti-symmetric tensor
representation only:

y171ab171cdﬂade How is this even possible?

How do we get all SM flavor
A single number parameters at low energies?
®

It alone controls all F-F-S Fundamentally the SM flavor structure
interactions (normalization factor) is fully controlled by the scalar potential

QUICK DESCRIPTION OF WHAT IS GOING ON

The scalar field (£2) contains several SM group singlets (1,1,0) [S] and
doublets (1,2,41/2) [H].

The VEVs of the S’s control which fermions are light (=0 mass before EWSB)
One linear combination of the H’s is the 125 GeV Higgs
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Detail 3

Let’s dive into (some) details
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Fermions

There are many Gg,, subgroups inside SU(19). We want ...
SR L5 sty P el At e et N;i With the usual Gy,

rules

v quantum numbers
SU(19) Gsn XSU(4)r

Why SU(4)? It is the largest simple subgroup which
commutes with Gg,; so we can see it as a flavor group

N? are charged under SU(4) (subindex i: denotes a quadruplet)

@ L Q u e N; 19x19 anti-symmetric matrix
£ (uQ Ifdy -
B M e e B O Shown here in block form (6x6 blocks)
Tl = E Sl Ls .c Qc E.g.: Quantum numbers of block 171 y¢:
u D ST Gt | T V) |
&® L e e eg L X N, = (1,2,—1/2) so 17]—|]_|N‘,‘: = L;
NG \ At s i s el g i ud Niif ) i subscript: quadruplet of SU(4)

4Q+1Q°+4u°+1u+5d°+2d+ 5L + 2L° + 4e€ + 1e + vector fermions

3(Q+u®+d°+ L+ e)+ vector fermions SM fermions only
—————————————— - at low energies ®
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(1,1,0)

(1,2,1/2)

(19 25 _1/2)

Renato Fonseca

Scalars

Low energy phenomenology is controlled by these scalars only

Sr SprL Sp SE:ID

C T u:a:ru:u:a:u?ra:cAa:o?
d*QQu, LQu%e®, d*u“u“e®, d*d"u"Ng,

i
SEL

SaDL SN
N

d°LQNE, LLe®NE, NENSNE NS

ij
Hgn Hpy,;

Ld°d°u®, ¢°LLQ, QueNENE, LNENE NE

I7i g Erid
Hp e H H

d°d°c°L, Que®NS, d* QNSNS Le® NSNS

Explaining the SM flavor structure

SM scalar singlets
They control which combinations
of fermions are light

Eg: 4Q + 1Q°

A combination of the 4 Q’s pairs
with Q¢ and is superheavy. This
combination is controlled by S’s.

SM Higgs
Linear combinations of all these
doublets (requires fine-tunning)
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Predlctmg the SM ﬂavor structure

17E o171 0
\/5 2 , 1 /2
—Q QCSQDL —|— — U, ’U,SBD —|— EBEGSEL —I— Z geijklNichlz:lSN
+(d$) e —Szi;mx/is;;m (dl)+(Li)T i (%)
dg 3 —SDL \/iSD dz L5 \/§ SL SDL Lg
i) B V2 i e d§ L; ! —e€ijrtHN, 2
vau[-a] v+ 00 |42 (—vamg )| () + (2) [ 2 (o)

) [

3 Hi o

i,j=1,2,3,4 are SU(4) ‘flavor’ indices
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Predlctmg the SM ﬂavor structure

B o B B sk
;]
2 2 . 1 /2

_Q QCSE)DL + \/_u ’U’SEID + \/;GEESEL + Z\/;Eijk;N%NEISN
+(df) v2 (—S,p, V25i, (dl)_l_(Lz')T 1 SEQDL V2SE,
\ dg 3 —SprL \/ESD dz Ls \/5 __SL Spr

2 ij x V2 —ii == ds L\ [ 1 [ —ejmHny -k
+Q: |G H | 5+ @, [? e HDE)] () +(52) (5 (CUamn )| v

) [

3 HL o

Integrates out heavy
fermion, leaving
only 3 SM families

i,j=1,2,3,4 are SU(4) ‘flavor’ indices
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Predlctmg the SM ﬂavor structure

7L 171 5 0%se

( c Qi \/5 I3 2 c I3 1 2 c c
_Q Q°Sopr + - ujuSyp + geiESEL + 1 geijklNz’ijSN

()[4 (o] () (5 [ (e 2

(- 2 1 . V2 S d§ L\ [ 1 (—eijuHny D
+Qu [~ HEN 5 + @ [?(‘ﬂﬂg HBE)] () + () s (ommam” )]~

(8 [ ) e

i,j=1,2,3,4 are SU(4) ‘flavor’ indices

Integrates out heavy
fermion, leaving
only 3 SM families
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Predicting the SM flavor structure

(1 V2 2 1 /2
gQiQCSE,DL —|— ?ug‘uSZ]D + \/;GEESIE‘L —|— Z\/;eijklN%Nf:lSN

Integrates out heavy

N de T é _SEQDL ﬁSED dy o L; T i _SngL \/ESEL L§ fermion, leaving
\ dg 3 —SpL \/ESD ds Ly \/§ —%SL Spr Lg only 3 SM families
| 2_ i V2 de LA\T[ 1 [ —ejmH )

o — Y c N e T1td 1714 3 i = ijkl - N, c

+Q; [ SHQN] us + Qs [ 2 (—vzhy HDE)] (d5) + (Ls) [ﬁ ( Ny )} N,

L\ V2 [ —v2HE .
C(Ls) [?( 7, )] v w
Can the SM masses and angles be reproduced? Yes | ©

Predictions for Not without looking at

SM parameters? 2 the scalar potential
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Other comments

What about symmetry breaking: SU(19) — Gsps?

Same scalar which interacts with fermions
has a direction which can do it!

Potential: 1 mass + 3 quartic interactions. SM
breaking VEV consistent with tadpole equations ...

... but some masses are negative (7). Higher order
terms and/or other scalars likely needed

Gauge anomaly present. Gauge only part of SU(19)
or add more fermions (which decouple)

® ® 6
©
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Summary

First realistic model of All Yukawa interactions
family unification depend on 1 number

Flavor = Fermion property? No.
Flavor originates from the scalar sector

—

The various SM flavor parameters depend

E exclusively on ratios of VEVs

7Zd/( g %06(

Prague, 18/July/2020

wp theory calculations and the problem of listing EFT opemtm“m iﬁih e



