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The Strong CP problem

Neutron EDM (Electric Dipole Moment)
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The Strong CP problem hint

Neutron EDM (Electric Dipole Moment)
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The QCD axion

=> Solves the Strong CP problem

=> Excellent Dark Matter candidate
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The Nelson-Barr mechanism B
=> CPis conserved exactly in the UV => NO PHASES

boc G 0ocp =0, argdet M =0 and ogpr =0
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The Nelson-Barr mechanism
=> CPis conserved exactly in the UV => NO PHASES
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Particular fermion mass —— solved
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Challenges of the NB mechanism

[Dine+Draper, 15]

X 1. Enforcing the NB structure
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Challenges of the NB mechanism

[Dinet+Draper, 15]

X 1. Enforcing the NB structure
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Darker colors: midterm prospects

Hatched bars: MFV
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BSM reach of Flavor Physics

Observable

[European Strategy for Particle Physics, 19]

by Aloni, Dery+Gavela+Nir
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[Chakrabarti, 79]

Gauged flavor symmetries B, Zee, 75

[Wilczek, Zee, 78]
[Georgi, Chivukula, 87]

> Gauging the non abelian quark flavor symmetry

Gf — SU(S)QL 0% SU<3)uR 0% SU(S)dR [Grinstein+Redi+Villadoro, 10]
> Gauging the non abelian lepton flavor symmetry

SU(3)£ X SU(3)€ SU(3)£ X SU(3)€ % SO(g)N [Alonso, Fernandez-Martinez,

Gavela, Grinstein, Merlo, PQ, 16]

> The Yukawas Yu,Yd are promoted to dynamical fields whose vevs break
spontaneously the SM flavor symmetry
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Gauged quark Flavor symmetry

Largest non-abelian symmetry in the massless limit?

Gr=SU(3)g, ® SUB)up @ SU(3)dp  icrinsteinRedi+villadoro, 10]
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Gauged quark Flavor symmetry

Largest non-abelian symmetry in the massless limit?

Gf = SU(3)QL &) SU(S)uR & SU(S)dR [Grinstein+Redi+Villadoro, 10]

ANOMALOU

are needed: \Ijum \IldR7 \PuLa \deL




Gauged quark Flavor symmetry
Gy =5SU(3)g, @ SU(3)u, @ SU(3)a, [Grinstein+Redi+Villadoro, 10]

> Most general renormalizable Lagrangian

—Lint = MQpHYyp + XUy, VoV + My T, U
+/\d@LH\IldR + )\&@-dLyd‘I/dR + A/[dEdLDR + h.c.
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Gauged quark Flavor symmetry
Gy =5SU(3)g, @ SU(3)u, @ SU(3)a, [Grinstein+Redi+Villadoro, 10]

> Most general renormalizable Lagrangian

~Lint = MQHY,, + XV, V0, + MV, U
+/\de—1;de3 + A&WdLydeR + Mdf[j—dLDR -+ h.C.

See-saw mechanism for all fermions
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NB from Gauged flavor

> Let’s impose CP in the UV
> CP arises spontaneously through the vevs <yu,d>
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NB from Gauged flavor

>

Let’'s impose CP in the UV
CP arises spontaneously through the vevs <yu,d>
Seesaw-like mass matrices already present BN structure!!

. 0 Au—= U - 0 M= D
Vi) (Ur). 72\ ( Pr
H_QCD|tree = HQCD + arg (det (Mu./\/ld)) =0

Intuitive interpretation:

fqcp = bqep + arg (det (my, my mgma)) =

arg ((let (%)) + arg (d(rt (yu)) + arg (dct (%)) + arg <det ())d)) =)
d

u
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Solved challenges in NB from gauged flav.

/ 1. Enforcing the NB structure Enforced by the gauged flavor symmetry
0 A —= 0 M=
2 _ AY _ e
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2. Higher dimensional operators
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Higher dimensional operators

I Il =
Osa= 13 +IQLHI folHu, H)Vjur,  Ouap = 3Qp Hfa(Hu, Ha) Vay
1
Oac = Aa+1 ——W Vif(Hy, Hd)yd ug, Oip= F\IldL VaFod Hos Ha) Yas
Fal B ) = FRHIH HS s s  H,=YLY. H;=YYi,

0 ~ImTr [HYHIH Hj .. ]

0 ~ImTr [H,HyH,HJ]




Higher dimensional operators

1 1

a) A 17 £ /17 rr )\l o) A TT L LEL TLN il

Relevant contribution oc Jarlskog invariant

M6 M2
(det hyhg)®

Im Tr [H, HyH2H2] Im Tr [hyhah? h3)]
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/ 1. Enforcing the NB structure Enforced by the gauged flavor symmetry
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Solved challenges in NB from gauged flav.

/ 1. Enforcing the NB structure Enforced by the gauged flavor symmetry
0 A —= 0 M=
2 _ AY _ e

/ 2. Higher dimensional operators Enforced by the gauged flavor symmetry

0 ~ImTr [H,HHHF| < 107"

3. Loop corrections
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Loop corrections to 0

Aﬂav

0 m < ur + @L m - UR X EyA

W W

Olioop = I Tt [my;' €4, 4] D I Tr [my ' AG my f(hu) AL g(ha) ] (M5?),,

A bit complicated... but with Caley-Hamilton Th. one can get rid of the

gell-mann matrices and obtain polynomial invariants of the basic flavons



Loop corrections to 0

Aﬂav

0_|100p =Im"T

A bit comy

gell-mann

Preliminary results:

Extremely suppressed
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Solved challenges in NB from gauged flav.

/ 1. Enforcing the NB structure Enforced by the gauged flavor symmetry
0 A —= 0 M=
2 _ AY _ e

/ 2. Higher dimensional operators Enforced by the gauged flavor symmetry

0 ~ImTr [H,H ;H2H;7| < 1071

/ 3. Loop corrections Enforced by the gauged flavor symmetry

—10
0|2—loop < 10
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Conclusions

e 2

->

The strong CP problem can be solved automatically a la Nelson-Barr
in the context of gauged flavor models.

The flavour gauge symmetry solves also common issues of NB
constructions

€ NB structure automatically enforced
€ Proteccion against higher dim. operators
€ Loop contributions under control

There is life beyond the axion!
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Thank you



Backup slides
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Loop corrections to @ « /e o

Olioop = I Tt [my;' €4, 4] D I Tr [my ' AG my f(hu) AL g(ha) ] (M5?),,

A bit complicated... but with Caley-Hamilton Theorem

1 n—1 )kg+1

; 2 : _ s = (_1 o\ ke
WadJ [M] adj(A) => A* > ] kgl " (A%)

A s=0 ki1.kosiikn—14=1

M=

adj(A) = %13 ((trA) — tr A%) — A(tr A) + A2

One can get rid of the gell-mann matrices and obtain polynomial

invariants of the basic flavons



Gauged flavor

Flavor gauge bosons

Liass = Tr |(DuYa)! (D#Y0)] + Tr [(DY)! (DY) (1.12)
> Tr |goYully — gu ALVl + Tr |9QVaAly — gp A Va|” (1.13)
1 .
= §X£ (MzA) 5 4 (1-14)
where X, = (Ab“, sy B AT vy B iy Ay Ai},“) and M2 is a 24 x 24 matrix:

N 12 172 172
(Mo MEy My

M A = i‘[gv Q l‘.[ l%' U 0 ( 1 i 15)
Mpo 0 Mpp,



Gauged flavor

(MBg) 1y = 795 Tr [Pl N3V + Va2, X0} 3)]
(M3y) . = 390 Tr [V X))

(M), = 795 Tr [V X0

(M3y) = (MBo),, = —590u Tr [NYIXD]
(M3p) , = (Mdg),, = —‘;‘QQ.‘]D Tr [A“y}/\”yd]



Masses (TeV)

Gauged flavor
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