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Grauged QFT

o The Standard Model (SM) is a QFT based on local gqauge
symmetries

o Gauge couplings run with the enerqgy

o In the SM...
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Tradikional GUTs

o SM gauge couplings expected to be equal at the GUT scale
o supersymmetry helps building “realistic” models
o proton decay hard to avoid’
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Tradikional GUTs

o SM gauge couplings expected to be equal at the GUT scale
o supersymmetry helps building “realistic” models

o Frm&am de«mv hard ko avoid!

However:
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Serghl_ 9 | o Large matter

: : represam&a&iams
needed to brealke the
gauge svmmeﬁrv!

o Landau F?oi.&! s
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asymptotic GUT (aGUT)

o Gauge toupi.ihgs are never equai., but tend to the
same UV fixed point:

A) Realised in asympt. sofe
gauqge theories

(via large Nf resum
with intermediate Pabki-Salam)

Molinaro et al, 150703669

(via perturbative fixed
points and Susv)

Bajic et al, 1610,096%1 and 230%.13311



asymptotic GUT (aGUT)

o Gauge toupi.mss are never equai., but tend to the
same UV fixed point:

B) Extra tompa&& dimensions

da

2
7Talln,u

:,UR b5 042

a=uR a (t Hooft coupling in 5D)

da
o | é = bs &°
W(OhLdlnu) 5 O
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Ol — —
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Gries, PRD &% (R003)
Morris, JHEP ol (2008) oo2 -



Vs

Minimal SU(S) aGUT

: 55
. G
.............. .$ ?1
=)
(+ +) Lh zero
(- =) Rh zero

Cacciapaglia et al, PRD 104 (Ro21) 7

(P) = { A, =y) = PAi(a )Ry
AZ(IE, _y) = _POAZ('T7 y)P() )

Aﬂwa—y%:ﬂAﬂ%yﬂf}

AZ(JZ,WR - y) = _PlAZ(xay)Pl )

(P1)=>{

P0=(+++——),

Pr=(+++++).

SU(8) broken in y=0 to the SM
btj baumd&rv conditions

SM fermions cannct be
embedded in complete
mulkiplets of SU(S)!!



Yukawa non-unificakion

The most general bulle Lagrangian reads:

L o(a) p(@MN

1 — — —_—
Lsus) = 7t MN - —(8 A = €054, )2+ iths s + iz IPUs + iy g

+ i IPTg — (\/—Y Q/J‘?/ho(f)o + \/—Yb 1/) 1/J10¢o + Yteo 1/J101/)10¢>o + h C. )

e

b 1Darsl? = V(ds) + ilaibin — (Y, Trtbss + hc.)

o Yulkawas DO NOT umbfjf

o Baryon and lepton numbers can be
defined (no proton cleta:; pro&esses)




Indalo skakes
||-mn-

@ Nown-SM companenﬁs CarTyY
unusual B and L charges
1/3
‘1/ 2| 1/2 o Hence, they cannot decay
/2 |12
1/2 1/6 ko SM S&O&QS

1/2 | 1/2
1/3
1/3

o States wikth wass 1/R skable

0
1/2 | 1/6
1/2 1/6

1/2 -1/6 o Prehistoric svmbot found in Almeria
caves, SF’&LV\

12 |-1/6 |-1/3 Zulu

Indalo




Indalo-qenesis

Multiplets || Fields

Br 112 L o Baryogenhesis could also
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The Yulkkawa sector runs inke
Probi.@.ms

R !=305-10° TeV

For smaller values of the KK scale
the Yukawas run to Landau F»oi.es

Localising all Yukawas excep&
the top, allows for UV fixed point.

Bulle Yulkkawas

But hard to do: SG(10) is
ruled out, in fact!

Khojalit et al, 2210,03596 4



A classification is in order!

Ca&aiagyagim, R309,1009%

Define a bulk gauge group ¥ D Yy, and parities breaking
T - X5,

Find pairs P, X P; such that Z;,NZ; = g+ X (minimality)

Find minimal set of bullke fermions that contain SM zero
modes and preserve UV fixed point

Check running of the Yukawa couplings: do fixed point
exist in the UV?

Check if gauqge-Higqs unification occurs, and if the model
can be supersymmetrised (link Yukawa's to gauge
couplings)



diag(+, +, +, +, +, =) H = SUG) x U()z, The matrices P; represent

diag(+, +, +, —, —, +) FHp =SU4) x SU2) x U(1)22,
diag(+, +, +, —, —, —) Hz =SU(B) x SUB) x U(1)zs3.

the ntrinsic parity: an
overall sign can be added

even|even even
even|even even
even evenjeven

(3,1)-1/33 |odd |even|odd
e
(3,1)1/3-3 |odd |even|odd
(1,2)-1/2,-3 even

(3,1)-1/31/2|even|even|even
(1,2)1/2,1/2 |even| odd | odd

(1,5 | 0dd [even] odd

(3,2)1/61 |even|odd | odd
even

(6,1)—2/31 |even|even
(1,3)11 |even|even|even

(0o

(3,1)-1/3—2| odd |even| odd
(1,2)1/2,—2 | odd | odd |even

for matter fields

(3,2)1/61 |even|odd | odd
(3,1)-2/31 |even|even [even

(1,1)11 |even|even|even
(3,1)-1/3—2| odd |even| odd
o

(3,2)-1/63/2 |even| odd | odd
(3,1)2/33/2 |even|even|even
(1,1)-1,3/2 |even|even |even

(3,2)1/6,-3/2 | 0odd | odd |even
(3,1)—2/3-3/2| odd |even | odd
(1,1)1,-3/2 |odd |even|odd

10



SU(&)

Case P X P,: one Higqs from gauge fields (GHU)

dgr, 15(—’_)DZL+uR+eR,

SM-Lilkke zero modes:

151



SU(&)

Case P X P,: one Higqs from gauge fields (GHU)

d and e Yulawas
from GHU

Ly = =Yy Yi5W15Ps5 + hec. bs Gauge FP requires n, <3

3
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SU(&)

Case P X P,: one Higqs from gauge fields (GHU)

6~ > dgr, 6+ o I; +vg, 15t+7) 5 qr + dgr, 15(—'—) Dl +ugr +eg,

SM-Llike zero modes: 21+7) @4— dr, 2007 3 g+ ug +er.

d and e Yulkawas

| ; (+-) =) ) 5 o
MOd@.’. LA: Wis " 2dqu+dr, Wi Olturter, PO @y from GHU

Ly = =Yy Yi5¥15D15 + hec. bs = 3 ,

Grauge FP requires n, <3

M(;)Ci&i. @S’ 21 1 O 5 bs = 37 8n, Gauge F? requires

ng=1

3

(SjMM@.EVit)

151



Minimal SU(N) models

(ot final)

Fermions Scalars Yukawas Higgs sector

Gip = Gsm
®55 gy | All bulk SM-like

Ws DdR, \IIS DIL,
Wi D qL , \III_O D UR + €R
\I'5DdR, \IISDIL; (DSD(PH All bulk 2HDM
Wis OqrL, Wi dDur+er| Pp D@y, +... Type-II or flip
Gip = Gsm X U(1),
W5 D g +dg, Adjd> oy |d,e GHU 2HDM
W Dl +ug +er D15 D @, u bulk Type-11
Wy D qp + ug +eg, Adj D ¢y u GHU 2HDM
WeDdr, WegDIp +vgr D5 O @ d,e bulk Type-1I
W5 D qrL + dR, Ad] 2 QPH d,e GHU 2HDM
Wi DIl +ug +eg ®D1p5 D @y, +...| ubulk Type-1I

Wis Dqr+1j,
Wi D ug +eg +dj

Wy D qL + li p
Wi D ug +eg +dj

D15 O @y u bulk SM-like

D05 D QPg+...| U bulk SM-like




Mininmal SUN) models

(ot final)

Scalars Yukawas

Gip = Gsm
(D5 D Py

Fermions Higgs sector

WsDOdr, WsDI,
Wi0DqL, Wiy Dur+er
\I’5DdR, \I’5DZL, ®5D(pH
Wis Dqr, Wi Dur+er (1)4-53(p;{+...
Gip = Gsm X U(1),

All bulk SM-like

2HDM

All bulk :
Type-II or flip

Wis D qr +dg,
\P1531L+uR+eR

Ad] 2 @y
D15 D @y

d,e GHU
u bulk

2HDM
Type-1I

\IlzquL+uR+€R,
\P6DdR, \IIGDZL+VR

Ad] 2 Py
OJ (P;_I

u GHU
d,e bulk

2HDM
Type-II

Wy D g +dR,
\111-531L+uR+eR

Ad] 2 QPH

(I)105Dq);{+...

d,e GHU
u bulk

2HDM
Type-1I

\I’15DqL+lz,
\Ill‘g,DuR +€R+d§z

D15 O oy

u bulk

SM-like

Wry DqL+li,
"I’l'SDuR +eR+d%

(DIOSD(PH'l'---

u bulk

SM-like




Mininmal SUN) models

(ot final)

Fermions

Scalars

Yukawas

n, bulk

Higgs sector

Yulkoawa Lemd:au, ‘.Pa-ig.e_s.

dp, ool

\1—’1036]L, \ImeuR+eR

i

LA

yrey .u.'~>q' [

\I’5DdR, \I’5DIL,
‘P15DqL, Wl’ODuR+BR

®5D(pH
@4’5 D) (P;_I'F

All bulk

2HDM

Type-II or flip

Gip

= Gsm X U(1),

Wis D qr +dg,
\P1531L+uR+eR

Ad] 2 @y
D15 D @y

d,e GHU
u bulk

2HDM
Type-1I

\IlzquL+uR+eR,
\p6DdR, W631L+VR

Ad] 2 Py
OJ QO;_I

u GHU
d,e bulk

2HDM
Type-II

Wy D gL +dg,
‘P1-531L+uR+eR

Ad] 2 QPH
D05 D 90;1 +

d,e GHU
u bulk

2HDM
Type-II

\I’15DqL+lz,
‘I’1‘53uR +€R+d§:2

D15 O oy

u bulk

SM-like

Wry 35]L+lir
\IjlgDuR +(5’R+d‘1:z

(D105D(PH+...

u bulk

SM-like




Yukawa runining

The bulk ERG for Yukawa couplings read:

dlny (2n+chyay a]a ,

are all posi&v&!

13



Yukawa runining

‘

Ly = =Yy W1‘5‘1’15‘1)15 - Yy Wl\ljl_S(DlS -Y, V15¥1 @5 + hec.

We added two singlets: one for right-handed
neutrinos, and the other for Indalo DM.

The other Yulkawas (d and &) inherit the qauqe
fixed point thanks to GHU.

Complete FPs found

for n, =3 !

14



Yukawa runining

Ly = -Y; WZO\I"6(I)15 - Y ?5\1"20(1)15 + h.c.

Singlets (right-handed neutrinos Indalo DM)
embedded in the &%,

The other Yukawas (u and 1) inherit the qauqge
fixed F?OEME thawnles ko GHU.

. 230m 3 = 235 T Complete F¥s found
! 5616 e, <3

156

16



Minimal SU(N) models
(final)

Gip = Gsm X U(1),

6A SU(6) \I"15DqL+dR,\I’13VR,Ade§0H d,e GHU 3 2HDM
\I’1'5 D) lL +ugr +eg,¥Vy | D15 D (P;i u,v bulk Type-II

6A flip|SU(6) Wy Dgqr+ug+er, |AdjD ey|u,v GHU <3 2HDM
Y D dR, \Ilg D lL +vg | P15 D (P;-I d, e bulk Type-II

o Ounly two viable models found!

o Both have two Higqs doublets, one of which of gauqge
oriLgins,

o Both models allow for 3 bulkk generations with Baryon
number conservation and Indalo DM!

o However, issue with gauge Higgs potential... see Anca’s talle!

16



A more ambitious model

o Supersymmetry allows to generate
fermions as gauge fields (gauginos)

o In E6, the adjoint 7% contains the
right states (but in vector-like pairs)

See Kobavasm, {Qabv, Zhang, Nucl. Phys. B704, 3 (2005)

Ly



The @.x«ttép%mmat case

Cacclapaglia et al, 230211671

Ec — PS X U(1),

The zero modes generate an a\v\omatj
for the U(1) gauge symmetry:

527161 % =Q710_2+14 S 2*9[161

Add e.xacﬂv two generations on the
sg(10) boumd&r:j!

(4



The @.x«atép%mmat case

-» SM Yulkawa Coupuv\gs!

g _
DS, Brg®or O ———(1,1,1)_4 (4,1,2)5 (4,1,2 T | |
520 =18 = ﬁ( )-a ( )3 ( ) -» Crives mass bo unwanked
g

+ 5(6,1,1), (4,1,2) 5 (4,1,2), Chiral states via U(1) breaking

Bulk interactions preserve Baryon number! 19



Two model avenues:

Ohe gein i

SO(10) gens (15,1)+(6,2)

Model 1 : Model 2

o Light generations preserve

o Predicts 2 generations
baryon number

o “Usual” $0(10) model building

Al ot o Number of generations not

predaaéec{

o Scale pushac& high bfj proton

| o Scale can be lowered (1000%
dﬁt&j

TeV) from PS breaking RO



bs

The fixed point

i _g (C(G) = Z Tl-(Rl-)> =3z

Clrn)—"12 T 1) =3

_V\

No more than ohe generation
allowed itn Ehe bulle!

o PS breaking due to a
gauge-scalar

o U(1) breaking by singlet in
27’

o SUSY breaking to be
studied
21



aGUT out of the Swampland

A) holographic composite Higgs

o The Dark Dimension cownjecture
relates the Cosmological constant

(ce) ko an wmeV extra dimension.
Dark

Dimension

5
(0]
=
B
@
8
9
p=
()]

KK graviton
Dark Matter

o By warping the DD, we can compute
the €D cc to be:

As=—24k> M3 ~ (100 GeV)>

® Hence, A5 can be reloted to a &th warped extra dimension, with
parameters of the order of the fundamental scale ~ 1010 GeV.

2 —2kF, —2kr, 2 7.2 ~2 712
dsg = e “*" it (6 " |¢|77Wd:c“dac” + rode ) + Todyp Boubteﬂwarpeci extra dimensions.

ms = N 1/ As ~ N TIAT3/573/20 MP2>1/ 5 TeV scale naturally emerging from the cc
And Planck! R2




Conclusions and
gzers[a@.c&ves

Asymptotic GUT is a novel paradigm, avoiding nmany
shortcomings of traditional GUTs

§D models are very constrained and successful
cases can be classified

The SU(N) kinship only allows for two minimal
models

SO(N), SP(N) and exceptional groups under waY

Noh-minimal cases also interesting: e.q. SUSY E6&
model with complete unification for one generation

R3S
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The Yulkkawa sector runs

R !=24TeV R ! =10 Tev

Figure 3. Running of the localized Yukawa couplings compared to the bulk gauge ones for two
sample values of the compactification scale. The bands indicate the uncertainty related to KK
gauge couplings (see text). The largest value of ¢ corresponds to the 5D Planck mass value.

Localised Yukawas - SU(5) brane




