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The Strong CP problem

£?ogf = 30n 26 Ga Ga‘“’ 0 = 0gcp + argdet Y, Yy < 10710 ¢ Abel et al. (2020)

Solutions? Spurious symmetries of CtQOgOD:

e anomalous U(1): 0 — 0+«

-) linear: massless up quark — ruled out (PhysRevLett.125.232001 (2020))
-) non-linear: U(1)pg — axion

e P: § — —6. Mirror world, . .. "good” UV symmetries:
gauged in extra dimensions

Dine, Leigh, Maclntire (1992)
Choi, Kaplan, Nelson (1993)

o CP: # — —0. Nelson-Barr models
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Nelson-Barr models

Nelson-Barr models

CPV sector

1-mediation

3

SM

Focus on " d-mediation”

(g excluded, u fine-tuned. See [1] and L. Vecchi, JHEP04(2017)149)

~ LS = YuqHu + yaqHd+y S d+my i + he

o UV: CP is a symmetry. yq,Yu,¥e,y, My € R & 8ocp =0

e IR: ¥ — (¥) € C. Spontaneous CPV, controlled by ¢ = y (¥).

Nelson-Barr class: ;. = 0. But

1) can we keep 0 < 107, including loop and UV effects?

2) can we reproduce SM CPV?
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Nelson-Barr models

Complete study in [1]. In summary:

1) a) ='£6G/f3, <107 — (T) /fyy < 107°. CP violation must be soft

Y H
b) "reducible” contributions: ,/’/Z y H
need y < 1073 —10"* d L » q
Yoy d
'
X

c) "irreducible” contributions of ¢ + SM:

-) decoupling 2-loops ok for M = TeV (M? = ¢fé + m?)
-) non-decoupling 3-loops: ok, only weak bounds on &/my, (stronger
from 2) later)

d) must avoid gHw°: chiral U(1) needed
(non-decoupling 2-loops too big)
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2) Diagonalizing, Y, Y = yq ( — %) yJ . Reproduces SM if
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[1] L. Vecchi, AV. JHEP07(2021)203

How can we guarantee 1), 2) from a UV point of view?
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Idea

Confining CPV sector with chiral U(1):

@ Selection rules: only non-renormalizable operators 1a), no gH° 1c)
e f/fyy < 1075 by dimensional transmutation 1a)
o y ~Anf2/f, < 107 1b)

How does CPV arise?
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UV completion

Spontaneous CP violation

Vafa-Witten:
(XaX§) = Céap, C = CI.

CPV only from higher-dimensional operators generating potential for
pNGBs:

(XaX5) Oy x5)T

*CUV o CaBiyd f2
uv

(XXS) ~ 4rmflelm/f (my ~ 47—

@ but how to keep my, real? —

-) pPNGB of A\ eaten by A,: no physical my phase (ma ~ gf)
-) possible hadrons phases — need f/fyy < 1072
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UV completion

Within this framework the Strong CP problem is robustly solved

o my K 4rf < 4rfyy: CP violation is Super-soft

pNGBs and hadrons interactions irrelevant: ~ fz/fﬁv suppression
Additional unrelated NP allowed as long as Ayp > my.
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UV completion

Within this framework the Strong CP problem is robustly solved

o my K 4rnf < 4rfyy: CP violation is Super-soft

pNGBs and hadrons interactions irrelevant: ~ f2/fﬁv suppression
Additional unrelated NP allowed as long as Ayp > my,.

o Predictivity: taking fuy ~ Mp, my ~ 41> ~ 1074 Mp ~ 10’s TeV
P

Directly (collider) and indirectly (flavor & CP observables) accessible!
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UV completion

Within this framework the Strong CP problem is robustly solved
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[1] L. Vecchi, AV. JHEP07(2021)203
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UV completion

Within this framework the Strong CP problem is robustly solved

o my K 4rnf < 4rfyy: CP violation is Super-soft

pNGBs and hadrons interactions irrelevant: ~ f2/fﬁv suppression
Additional unrelated NP allowed as long as Ayp > my,.

o Predictivity: taking fuy ~ Mp, my ~ 41> ~ 1074 Mp ~ 10’s TeV
P

Directly (collider) and indirectly (flavor & CP observables) accessible!

e Extra states: confining sector generically requires other (almost)
decoupled states — DM & cosmological signatures

A. Valenti (UniPD) Super-Soft CP violation SUSY2021 8/16



UV completion

Within this framework the Strong CP problem is robustly solved

o my K 4rnf < 4rfyy: CP violation is Super-soft

pNGBs and hadrons interactions irrelevant: ~ f2/fﬁv suppression
Additional unrelated NP allowed as long as Ayp > my,.

o Predictivity: taking fuy ~ Mp, my ~ 41> ~ 1074 Mp ~ 10’s TeV
P

Directly (collider) and indirectly (flavor & CP observables) accessible!

e Extra states: confining sector generically requires other (almost)
decoupled states — DM & cosmological signatures

@ Baryogenesis: possible through low scale leptogenesis
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Conclusion

Conclusion

Robust solutions of the Strong CP problem based on Spontaneous CP
violation can be built. In the UV, CP is exact: no quality problem

A confining CP violating sector works well and is remarkably predictive:
VLQ at collider scale and possible cosmological signatures

SUSY-based completions can address some of the issues, but leave
questions (why m,, real?)

Thanks for your attention!
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Requirements for a real my:

i)
i) the chiral U(1) must be gauged

iii) the chiral U(1) must commute with the flavor symmetries of x, x¢
) f/fU\/ <107°

A must appear in a single family (no chiral flavor symmetries for \)

v

In this way:
@ i) —iii) : the unique pNGB A\ ~ 4rf3e'? of the axial U(1) is eaten by
A, no physical phase
@ iv) : other sources for (A\)'s phase
e contamination from other pNGB, at least dim. 6+ operators
e composite hadrons at ~ 4nf with V = Vy + V4. Wy conserves CP

(Vafa-Witten), Vi dim.6+ — argmy ~ Vi/Vo ~ £2/f3,

Taking f/fyy < 107° addresses both.
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An explicit realization

Fields | SU). SU(2w U(l)y | SU3) U(1)
L 3 1 — 1 +1
¥ 3 1 —z 1 1
P$ 3 1 +1 1 l
¥$ 3 1 +3 1 +3
] 1 2 +3 1 +1
b 1 2 +i 1 -1

i< 1 2 i 1 -1
% 1 2 L1 4l

Xa=1,2 1 1 0 3 +%

Xa=1,2 1 1 0 3 +%
A 1 1 0 8 -3

Ni—1234 1 1 0 1 —%
NI/:172,3,4 1 1 0 1 6
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Interactions:
o CPV mediation: (xaX§) = cAnf3 (e"g)aﬁ,

(XaX5)01d,  XaX§U2d,  (XaX5)WIL,  XaXGUHL

o my: (A\) = cpdnf3,
YIPEAN, eSO TN, e (AN
e CPV potential: Caﬁ;y&(Xang)(Xng)T/fﬁv-
my ~ 47Tf2/fU\/ ~ 10879 GeV
@ Spectator masses:
=) XaX3ANI /5, Seesaw with (xx°A), my ~ 47f°/ff, ~ KeV
-) NN (xx)AN)/fly. mne ~ 4 fe/f5, ~ meV

@ Other irrelevant dim. 6 interactions, suppressed by f3,.
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[GeV]
10+14ff heavy hadrons

10-5—90 T
10747 — ¥

101+

10-°7 —N

10~ + — N

@ 1,7’ phenomenology: see [1]. Indirect observables (FV): large portion of
parameters space allowed. Direct search @LHC: my, > 1.4 TeV

@ Cosmology: need Trey < 4mf/25 ~ 10713 GeV to avoid defects.
N warm DM:

PN P DM Z?ﬂ my;, 10" GeV'\" Tren \°
s s 4 keV f 101! GeV
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Baryogenesis: modify spectator sector

| U(1)

Ni2 —é
Ni.. 5 2
X123 +%
Xi..s 3

@ Interactions: ¥4°HN and dim.6 Majorana masses for N, N'; X, dim.9
for X’

@ Baryogenesis through resonant leptogenesis via
N, N — T HY S H — ot HY oH

e mx ~ TeV: cold DM candidate for Trey ~ 108 GeV
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