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The Strong CP problem

Colored sector of the SM

&

SM _
L& = Lint 352

0 G2,G*" — Y, qHu — Yy qH*d

Vi
Irreducible P : (ECKM < Vexm
0 =0+argdetY,Yy

dckm =~ 1.2 0 < 1010
PDG (2021) C. Abel et al. (2020)
The Strong CP problem:

Why is CP violation in flavor-conserving processes so suppressed?
A naturalness question
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Axion solution

The axion solution:
1. promote §# — 3(x)/f,
2. assume a PQ symmetry 3 — 3+ f, X const, broken only
non-perturbatively:
2 -
g AX) o =
LD S GZ,GH

3272 f,
l (GLqr) ~ ATf?

Vel g2 g Muma
C(a) me w\/ (mu + md)2 s

N
SR
N——

Minimum:
(a/fh)y =0=0, m}c~mlfl/f]

Strong CP problem dynamically solved, with a light scalar. Or is it?
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The quality problem

The PQ symmetry is assumed to be broken only non-perturbatively.
How restrictive is this?

For a(x) as NGB of a spontaneously broken anomalous U(1)pq,

f. i As A
v (j) e, Loy D g ®" =0V~ 5
V2 fov fov
10y £2/,2
sV log <10 A2/ ms c)
Strong CP: — <1071 — n—4> :
VA log (fuv /)

— fy~ 101° GeV and fuv = Mp, n > 10:
the PQ symmetry must be of an extremely high quality to avoid
reintroducing a fine-tuning. How to ensure this?
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Adding C’

Two ways to obtain §V//V¢ < 10710:
1. reduce dV increasing n — next talk by G. Landini
2. enhance V. How? Idea: additional C’ confining at f > f,
Lo K (éc + i) 62,6 1 EC (e‘cf + i) Gl2,G"2m
3272 ) 3272 )

with the fundamental condition

If Vs is such that (3) /f, = Oc + (a) /f, = 0, as in QCD, the
quality problem may be sizebly ameliorated!
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The Grand Color group

Minimal way to obtain fc = A: embed

SU(3)c x €' D SU(N)gc Grand Color group
Dimopoulos (1979)

However C'-quarks confinement may break SU(2). x U(1)y
To avoid, take

c':usp(N—3) N —3¢e2N
SU(N)ec 5 SU(3)c x USp(N — 3)
Alternatively, generate mass for quarks partners and integrate them out

Gherghetta, Nagata, Shifman (2016)
Gaillard, Gavela, Houtz, Quilez, Del Rey (2018)

But Oc = Oc/ up to 107107
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A concrete model

| SU(N)ee  SU@R)L  U(L)y:
2

+ |

NI N —= _|_
[

N N ZH
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[REENITN

== =222

_|_
N[

Adj
N XA N

M € Tjo ~ 0T C O
o

e N = N R
_|_

_|_
==

Breaking through (®) ~ (=) ~ fgc:
SU(N)gc x SU(2)L x U(1)y

2L sU@3)c x SUN — 3) x U(L)sc x SU)L x U(L)y

E5UB3)e x USp(N — 3) x SU2)L x U(L)y
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A concrete model

| SUG)c USp(N—3) U(L)y

Q- ( q) 3 1 +%

e 1 N-3 0

Quarks decomposition: fu 3 1 -2
v= <w) 1 N-3 -

b ( d) 3 1 +3

Yy 1 N-3 +3

Flavor structure of C’ sector identical to SM one

Lyvuk = Yy QHU + Y4 QH*D
— YyqHu+ YyqH*d + Y, YaHY, + Yy qu*@ZJd

Crucial: implies fc = O up to SM @ renormalization < 10710
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Coset structure

USp(N — 3) confinement at ~ f:
» N >7for f>f (but N <17 to avoid Landau poles)

» chiral condensates: Peskin (1980), Preskill (1981)

<wCIu¢qd> = (dewQU> = (Yutha) ~ 47”[3/\/N

break SU(12) — USp(12) > SU(2). x U(1)y: no EWSB
> coset structure SU(12)/USp(12): 65 = 51 + 14 NGBs.
51 charged ones heavy and irrelevant for V/(a). Effective coset:
T €SU(3)q/SO(3)q
Yr € SU3), x SU(3)d/SU(3)u—d
B € U(].)B

SO(3)q x SU(3)u_q
C USp(12)
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Axion potential

Axion and NGBs' potential due to Yukawas:
1. rotate 1), — e/3/3%q),

Lyuk = Yu€ 35 Hpy + Yy thgH Yy

2. expand the coset lagrangian in Y, 4
Ver = C—;\'ff4tr [YV.ZRYSE1] €33 +hc+O(YEy)
VLo — CLN"f“tr [VUZR\A/G,VCTKMZL} ei3/3f 4 he

3. np exactly flat: no explicit U(1)g breaking operators
Not a problem, but in case can be gauged away via (B-L)
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Axion potential

C o~ o~ . —
VE = St [V TrVoViquTe] e/ + he
Analytical considerations & numerical minimization:

(a) {0 if Cug <0

fa ™ if Cud > 0
4 4
2 |Cud| f —10 |Cud| f
m; ~ — =10 X ——

» c,q < 0 crucial: incalculable, but qualitative arguments favor this

> m, >

~

m, c for f 2 10%f, ~ 10 GeV: axion always heavier

> mp,,; ~ {10, 10%} x m, x (f,/f): tower of massive ALPs
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Subleading corrections and heavy axion quality

1. renormalizable GP due entirely to the SM Jarlskog: small,
NLO correction to V- do not destabilize (3) =0

2. non-renormalizable GP: upper bounds on f due to 6V
_ = 2
Cijkl t cw  8cc ~
QiQUkD, = (Vi) (WiV)), —~—25GecGacGae
fg\, ! f2, ! (4mf2,) 1672
5VC’/VC’ 5 10710 5 f S 10_7fuv. For f = Mp, f ,S 1011 GeV.

Novel sensitivity to UV sources of GP.
Gherghetta, Pospelov, Bedi (2022)

3. quality problem always improved:

log(m?2/m?
00> 0 S

For fyy = Mp, f, = 10'° GeV and f = 10% GeV, n > 7 (nc > 10)
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Outline

3. Phenomenology
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Phenomenology

Qualitative assessment:

» charged NGBs, hadrons: decay in H/W*/Z + My ;.
Set roughly f 2> TeV (direct searches)

> axion:

107%V <m, <100 TeV,  A(E/N) = _% (N —3) (1 _ 3i/v>

Interplay of astrophysics, cosmology and accelerators bounds

» neutral NGBs g ;: decay to SM vectors due to mixing with axion
- fa
F(Moi — gg) 2 T(3— gg) x £

» 7ng: massless but photophobic, f 2 300 TeV Craig, Hook, Kasko (2018)
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Axion bounds

1073

107°

1/f.[GeV™!]

10—12

—18 L1
1072 10 10¢ 10°° 10° 10° 109 10° 1012 10% 10'®

Ma [eV] o S = =, = 9ac
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Outline

4. Conclusions
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Conclusions

» The QCD axion hides an extreme sensitivity to UV physics due to
the smallness of the QCD potential (PQ quality problem)

» Address by enhancing the size of the potential: additional C’ with
f > f;, embedded with C in a Grand Color group SU(N)gc.
Crucially, 8cr = 6¢ and no additional P introduced

» C' = USp(N — 3) guarantees no high-scale EWSB and (3) = 0:

Strong CP problem robustly solved with a heaxy axion
and improved quality problem

» Rich phenomenology: heavy axion (m, up to ~ 100 TeV), heavier
ALPs and exotic charged states

Thank you for your attention!
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Minimization of the axion potential

VE = S o [ VT Vo ViquTe] €™ + he
= Vo(ILy/f)e'®/ Nefa 4 he

Cud ;41O
Vo = — " [Yuli [Alii,
o= ST A

A=SpYaViuZL
Minimum of V- by maximizing | V|, with

% = Ng(m — 9),

¢ = arg[Vo].
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Minimization of the axion potential

Maximum of |V for A aligned with Y, (Schwarz inequality). Not
possible exactly for Ng = 3, but results in (det A =T1; i[Yali)

(3) = Ng(m + arg cug + 2mn/Ng) = Ng(m + arg cyq)

|

For odd Ng, c,q < 0 crucial.
Analytical examples:

» Ng = 1: no neutral NGBs, and

Cud 4 5

Ve = S g4y 4
e 2)
(@ JO mod 27 if c,g <0 2 |cud| f4
i |x mod2rifcy>0 TN g
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Minimization of the axion potential

» Ng = 2: 5 neutral NGBs, integrating them out results in

o det Y, Y, 3
veff — %f”’tr[Yu Yd]\/l — S TuTd gin2 (i)

w([Vava)2  \2f
<5> 2 |Cud| detTYu ?d] f4 |Cud| f4
=0 mod 27, m; = Ludll o Ve
fa e N tr[Yu Yd] f;.,2 N y yd faz

Scaling m? o y,yq is expected: if a Yukawa is null, PQ is exact and
3(x) is flat — m, controlled by smallest Yukawas.
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