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Addressing the CP-strong problem with two heavy axions
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The Strong CP Problem

QCD allows a CP-violating term in the Lagrangian:
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BOecsr is given by 6 + argdet M

CP-violating observables in meson and baryon
dynamics depend on 0,

dy=3%x107%6e-cm = |Gqg] <1070

Why there is a so precise cancellation among the
anomalous coupling to gluons and CP-violating weak
phases is the STRONG CP PROBLEM

Introduce a global U(l)stymmetry spontaneously broken at scale
fa- Its pseudo-Goldstone boson is the axion a:

Vacuum dynamics relaxes 6, to zero via the axion VEV

The axion mixes with QCD pNGB through an axial-anomaly
like term
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The Quality Problem and the Heavy Axion

U(l)PQ is not protected by quantum gravity. Axion potential » Type equation here.Embedding of SU(3), into the bigger gauge group
receives —%— corrections SU(11) ® Sp'(8) - SU(3). ® Sp(8)
Planck

* Two axions related to both coloured sectors

* They receive mass from Sp(8) confinement scale f and Sp'(8) instanton
scale Ag
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A viable PQ symmetry must be "high quality

* Discrete symmetries
* Composite Axion
* Heavy Axion
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Model Setup | siwes

G = SU(l 1)®Sp’(8)®SU(2)L®U(1)y’®Gdiscrete

Field Content Yukawa Interactions

Discrete symmetry
Field  SU@1)  Sp(8)'rc  SUE) U@y e Controls Y <= ' and Z <> 2’ mixing

e Restricts allowed Yukawa structures

* We examine Z4 X Z, X Z, group. This requires the introduction of
two singlet scalars ¢ and ¢’

TC fermion Yukawa interactions
LOYYEY +XY') + h.c.

Quark-TC fermion Yukawa interactions

Ly, (12912 + @' P1Y1,) +
V34(PY3s + ¢ P3Py) + h.c.




The Z4, X Z4 X Z, group and the scalar potential

Field vy v 5/ b &

Zy x Z4 charges (0,1) (1,0) (0,-1) (-1,0) (0,-2) (-2,0)

e ()
p(r) = (0 Hiq’) p(s) = ([1] (1))

*  Eachfield carries two dihedral D, charges
* p(r) and p(s) generate the group

YU(S0 -+ D) +y(@00 + §9)

Vo(d,¢") = —A(¢* — 1) — M9 — p°)? + 2£¢°¢"

Va(E, ¥) = —m?Te[21E + 18] 4+ A (T2 [212] + T2 [215]) 4 A Te[B18] Te [212]
+ 2| T [EH] P + AT [Shests + 2ie/eis]
+ 26T [EIEEY] + AT [2hE's Y]

Vor = p(T{E'S|(6 + ¢) + T T)(” + 47)
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v¢ >>v2 A>2€



Fermion and Scalar mass spectrum

0 Yo 0 Mg = —8Ap? + 16pv My = 202 (€ + 2X) + 16puiy

fl«f@w*q; = Y'U)_; Ytldg ()

0 00 * ¢ massisat vy

* @' mass can be at the condensation scale of i’
* ¢’ isdynamical all above the gauge breaking scale, ¢ is not

my = Yvy my, = YUy My, =0
_ (P )axs ;[ (B)axs
x ([1!” + hd)axx) > ((h.:i)gxg)

*  Goldstone boson directions in X are eaten by gauge bosons

*  h,' masses at the condensation scale. They will be used for
FPC.

*  All other scalars decouple around vy

» 1’ stay massless and condense at y.
*  Whave mass of fractions (vz /vy) of vg

* 1 are the heaviest




The game of the coupling constants

1 1 1
ag = —_
; ag(vs) as(vz) arc(vy)
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— 1;=10° GeV
1,=10" Gev
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* ag enters the instantonic potential computation
*  Smallness is required for Dilute Gas Approximation

* A wide choice u, and vy is possible




The Sp(8)’ instantonic dynamics

ksp(s)
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*  kgps) is a group dependent factor
° We put ksp(g), = kSU(S)
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* Agisrelated to the heavy axion mass

*  The modelis designed to have only a
power-6 Yukawa suppression
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The pNGB-axion dynamics

Vii=— (Z|f4T['(y';'{ij'j'(_'H -+ Hll'y,l.cl_lllly,l.c) - f:g_;"4 [ Tr(yrcll + Hll'y,l.c)F

e 0 0 0 0 0
0 o™ 0 0 0 0 ag f? i 112 4
_ E 2 ngm f,,;:,»m 2 2 vre — diag(yn, v, v, s, Yo, Y6) ® iz + 4 [f11 + Bs — 2 Tr(logII — log IT")]* — A cos 8y

g€ 3 1 - | .
D0 o 0 D e — e} Te(yrell + Wylo) + Va(S, ) + Vie(9, &) + Vos(9, ¢/, 2, X))
i E _M[{} + 605 —2 Z bi]2 — dey f* Z y? cos(2¢;) — 16¢: j'4[z cos(¢ ]]2

L ated i Zm—) . Xa vae 4 11 8 @i -1 Yy €Ot T -2, 208\ @4
II=e 3T e=1""" T .. i=1 i=1 i=1

6
+4dey f 3'.-,1‘;-,; Z i cos(;) + Vig(vg, vgy) + Var(vs, 0) + Vs (vg, vgr, 03, 0)

* The vacumm is parametrized in terms of 6 phases ot
fro »Var > f
* Unitary rotations among isospin doublets and singlets
can used to put the Yukawa couplings in an * We find a CP-conserving solution with zero vacuum
antisymmetric real matrix phase and each axion relaxing to zero one 8-angle
* The dynamics is described in terms of 65 pNGB and a * ¢’ adquires a VEV at the condensation scale due to the

singlet direction ¢’ tadpole interaction with the condensate




The pNGB-axion dynamics

1 ay;  ag . b 1 m? = 6 2f2 c1 + 16es + 8¢2
_ By + By — oL 08 56 . 1 Yo 1 2 3
2y (crye + 2004 + 3A) )C( T fs) A=Yiam K Z; (1 9k + 2e2A + GA)

o =

o ) ) ) * Theresultis given in the degenerate Yukawa limit
* After substituting, we obtain the effective lagrangian for

the axions * pNGB are lifted at the condensation scale

* Axions do not mix with neutral pNGB but n7¢

Sector (SU(2)z, ) SU(3)gm  NGBs
* 17 decouples at the scale va, higher than axion masses e s
[stnz] + eyl 9% (2,+3) complex 3w3 6
(12912 1cy 2 (1,0) [— [
[¥r2¥ra)a0, 3% (3,0) ET— 9
4 A4 Charged total 51
Neutral total 14
— all + a8 4 f - 2 —_ 8 Grand total 65
—° ay = ag,my =

2 _
ImL_

ar = —

Amiauge = h.gfz [g2(/*2{R) +g!2Y2]




The pNGB-axion dynamics

*  The coloured lines show the squared axion

T 4
mass 42f for different values of the
fpoK

condensation scale

— =10 GeV
T - 10 Gav *  The dashed line show the squared QCD axion
& IR XQcp 1/4
e [ } mass “52 where )(Q/CD =755 MeV
£ — f=10°GeV fPQ
10-13 ,"‘J‘ 4 +=.= QCD axion

e The axion mass can be enhanced up to the
GeV scale

10~ .4"‘ =
.

I d 1
10-16 10-11 10~ 0.1 1.0

m, [GeV] *  The choice of the gauge symmetry breaking

scale reduce the accessible region of fpq
values



The pNGB-axion dynamics Slide 11

p *  The dashed lines correspond to the heaviest
axion

1075 ,
- q T 1e10eey »  Areference value vs = 10**GeV has been
5 0ol S o0t cev used for the computation
£ 4 —— f=10°GeV
) ol I *  Mixing terms f3/fP2Q can make the interplay

between the two eigenstates less trivial
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Model Setup: A simple variation

G = SU(l 1)®Sp’(8)®SU(2)L®U(1)y’®Gdiscrete

Field Content Yukawa Interactions

Discrete symmetry
e Controls Y <= ' and Z <> 2’ mixing

Field SU(11) Sp(8)'1c SU(2)g, U@’y

e Restricts allowed Yukawa structures

* We examine Ggiser = Dy = Z4 X Z, group.
TC fermion Yukawa interactions

LOYYEY +XY') + h.c.

Quark-TC fermion Yukawa interactions

LOy1,¢ (12912 + P12912") +
V34P (P3P + P3P, + h.c.




The D, group and the scalar potential

{E}—(“?’**), (£)=0, (¢ =
~1

p) =0 e =(; °)

U(p < vy
*  We consider the bidimensional representation Y — ( (Feu )3 ) 7 ((h,%);;xg)
of D, generated by p(r) and p(s) (vnr + ha)sxs (ha)sxs

¥ and (2) *  Goldstone boson directions in X are eaten by gauge bosons
"N

. The transformations act on (1/),

*  h,' masses at the condensation scale. FPC.
* All other scalars decouple around vy,




Fermion spectrum and Instanton Dynamics

Slide 14

0 Ywvy 0
Myyprw = | Yo yug 0
0 0 yug
My = Vs my, = vy My, = YVgp

* 3 acquires mass below vy
* W andy have mass of order vy

*  The stages of decoupling and running of a ¢
show only minor variations

¢ mass is at vy

¢' mass is considered bigger than the condensation scale
¢ is dynamical all above the gauge breaking scale

2ug 0466 1OTIR5 g 2n

_ Yoy )10, )
by —4 (b —1)I(6—2)Mx" “ag(vs)
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There is a power 12 Yukawa suppression

The small instanton scale shows an order 10
suppression



The pNGB-axion dynamics

ar f*
T4
1., .
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0 —iggeiPst
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0 0 —psg O

* From the TC mass degenaracy, we assume identical

* We find a CP-conserving solution with zero vacuum
vacuum phases

phase and each axion relaxing to zero one 8-angle

* Unitary rotations among isospin doublets and singlets
can used to put the mass matrix in an antisymmetric real
matrix

* The explicit mass operator appears

* The solution is directly related to the QCD one

* The dynamics is described in terms of 65 pNGB and a
singlet direction ny’




The pNGB-axion dynamics

ag +ap;  fiz4
3o g3 — p12

ag +ay;
3fa g4 — paz

3 f16.“]\-1 -

Pz = —

* After substituting, we obtain the effective lagrangian for
the axions

* Axions do not mix with neutral pNGB but n7¢

* 1n7c decouples at the scale Va, higher than axion masses

AZ A ,10M GeV
dg =ag, my = -2 =1GeV-( 8 )171?

1= —=(as +an) , m}
—f ar, = as+an), mi =
Ta wav . J2e e L

ACs, [* pazprs
3fZ g1z —
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Sector Number of modes m2
jt1a-sector 14 2Bj1q2
JIEET -sector 14 2 B_II;M
f112—f134 mixed sector 36 B2 + p34)
Relative diagonal mode 1 B + pa4)

The result is given in the degenerate Yukawa limit

pNGB are lifted at the condensation scale

Spurion Classification EW (R, ¥) Number of modes m?
Jtya-sector (1, 0) 5 2Bpya
Jt1p-sector (3, 0) 3 2By + 26,0° [
pas-sector (1, 0) 8 2Bz
Jy-sector (1, 1) 3+3 2Bjiga + Koy [*
12134 mixed sector (2, i%) 9+9 Bz + piaa) + '“’,;’1 (Iig2 + gu)

Relative diagonal mode (1, 0) 1 B(prz + ji34)




The pNGB dynamics and the Higgs boson

Slide 17

* The breaking SU(12) — Sp(12) produces nine complex
EW doublets pNGB (H}, Hf}

* They receive mass from Sp(8) confinement scale, loops
of gauge bosons and loop of Standard Model Quarks

* The loops of Standard Model quarks are induced by
YWI'yY' + h.c. Operators

* The Higgs boson is the one coupled to the top quark,
H3; and has a negative squared mass.

* Standard model quark loops communicate this choice to
the remaining components of the doublets.

—IJ-EH:!;L:;H:% - ﬂEH:TsI::(HQEJT — Has His (His + H:Tslz)lll +h.c.

* Standard Model Yukawas are generated by loops of
technibarions
14 ! YYI 14 !
YWI'Y' + h.c.-> —VYWY'yp° Heavy baryon
- M
B

* For top Yukawa a light baryon is needed = Ar¢

* The baryon takes part to the strong dynamics and RGE

Yy’
of order one
grc

effects can make the Yukawa coupling



Conclusions

* We solve the strong CP problem with two high quality axions in a composite Higgs scenario
* The high quality is obtained via the embedding of SU(3).in SU(11) ® Sp'(8)

« The axions gets their mass from small instantons of Sp’(8) and confinement scale of Sp(8) c
SU(11) ® Sp'(8)

* Fermionsin Sp(8) condense and naturally give a state we identify with the Higgs Boson
* Standard Model flavour structure is naturally reproduced via Fundamental Partial Compositness

* The hierarchy problem is also addressed
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