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The Strong CP problem

Colored sector of the SM:

LM = Lin + 3§C 6G3,G" — Y, qHu — Y4 qfid

) %
Irreducible GP : CKM & VeKM
0 =6+ argdet Y, Y,

8 ckm =~ 1.2 6 <1010
PDG (2022) 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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Spontaneous CP violation

Spontaneous GP: CP exact in the UV, then spontaneously broken

"good” UV symmetry: no quality problem!
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Spontaneous CP violation

Spontaneous GP: CP exact in the UV, then spontaneously broken

"good” UV symmetry: no quality problem!

Nelson-Barr models
A. Nelson (1984), S. Barr (1984)

1-mediation
CP sector SM
§

GP entirely encoded in &
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Vector-like mediator ¢ ~ u, d (g excluded L. Vecchi (2014))

_ﬁd—med Sy, qHu + Vd qﬁd—f—)/t Z¢d+m¢ wwc + hc

MpT

N

CP exact:
Yus Yd ¥, my € R and 0 =0
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Vector-like mediator ¢ ~ u, d (g excluded L. Vecchi (2014))

— L4 5y, qHu + yg qHd+y' Tihd+my ¢ + he

MpT
CP exact:

Yus Yd ¥, my € R and 0 =0

Spontaneous P ¢ =yt (T) - Mg = (vﬁd ° >
&omy

e_tree = Otree + arg det Md,tree + arg det Yu,tree = 0
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Vector-like mediator ¢ ~ u, d (g excluded L. Vecchi (2014))

— L4 5y, qHu + yg qHd+y' Tihd+my ¢ + he

MpT

)1

mw 1

N

CP exact:
Yus Yd ¥, my € R and 0 =0

Spontaneous P ¢ =yt (T) - Mg = (vﬁd ° >
&omy

e_tree = Otree + arg det Md,tree + arg det Yu,tree = 0

SM + O(1/my) (SMEFT)
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Key questions:
1. is & able to reproduce Standard Model GP?
and ...
2. is it compatible with 6,4 < 107107
3. is it compatible with experimental bounds on 7

If one point is not satisfied, Strong CP problem is not solved!
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1. Standard Model GP and quark masses

My = <ng n? ): for |£| > v, leading order diagonalization:
P

LD LMY gHY — Mapyp©

T my
Yemwi [t 0-5] =i m

Yu:)/u Y = ydM_Yd_

mw
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1. Standard Model CP
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1. Standard Model CP

Perturbativity:
4
Y, = (Ydi) <ar— 18l AT
My /i My Vb

Spontaneous CP violation and the Strong CP problem Alessandro Valenti, University of Padua 11/25



1. Standard Model CP

Perturbativity:
4
Y, = (Ydi) <<47r—>@<<A—7T
My J My Vb

2 < K&l < 10° (d—med)
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1. Standard Model CP

Perturbativity:
Y, = (Ydi) <ar— Bl AT
my, i my, .yb
2 < K&l < 10° (d—med)

20 < r‘f‘ <300 & |&|~ A& (u—med)

¥

Fine-tuning that must be addressed
by realistic UV completions!
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2. Radiative corrections to 6

/) Reducible: no threat

ii) Irreducible: generated by 1) itself

Oradirr < 10710 compatible with bounds on |£]/m,?
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2. Radiative corrections to 0

6: CP-odd flavor invariant. Leading contribution:

_ C

Bractine ~ (1617T2>3Imtr(YT [Ydyj, YUYJ] Y) (Y = Yia->)

)

10718 Im (ﬁfg) (d-med)
b

1071%Im (E,l,,?) (u-med)

W

— Compatible with 1 < ,L% < 103 (d-med) and 20 < % < 300 (u-med) v/
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2. Radiative corrections to 0

> Nped > 2 AV, L. Vecchi (2021)
. .. .. ﬂ Y—ly
£I_>§IJ? m1/1_>(m¢’)']7 —>| u,d |
ITIw ’
Additional flavor violation = additional invariants
5 1)’ ty vty yt f
Oy, .52 ~ (W> Im tr ([Y Y,YiY,Y Y} F(M M))
1078 |y ty)* (d-med)

10712y, ty* (u-med)

Strongly constraining, u—med severely disfavored
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3. Phenomenology of v

d—mediation

Ly D ip Dy + i Py — Mypyp® — Y g +he, Y = v,

My,
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5001 ~ nEDM - 500 o
g g | Y
= P
= 100f B . 100: g /// nEDM
g 50+ 2 150¢ 3 e
< 2 BRERR TN o e e ]
= 2 | g | Ew
100 A d-mediation : 100 & d—-mediation
5 Nmea=1 5° Nimea=2
W22t st Z CKM
0.5 1 5 10 50 0.5 1 5 10 50
M [TeV] M [TeV]

Spontaneous CP violation and the Strong CP problem Alessandro Valenti, University of Padua 17/25



3. Phenomenology of v

u—mediation

Ly > Dy + e BYE — Mype — ¥ gHp +he, Y = Y-

my,

1000 .. 1000 —— —
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Conclusion

» Spontaneous CP violation can solve the Strong CP problem
without any quality problem

» Nelson-Barr models:
e g—mediation: strongly disfavored L. Vecchi (2014)
e u—mediation: disfavored  this work

e d—mediation: fine once || ~ my, is addressed  this work

» Addressing the coincidence in explicit UV models is possible and
provides testable phenomenological signatures (M < 10's TeV)
AV, L. Vecchi (2021)

Thank you for your attention!
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Backup slides
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Standard Model GP: semi-analytical approach

T
J o pAZAS o det [Yu Yi, Y, Yﬂ — det [yuyuf,yd <1 - ﬁﬂi) yg]

For |££T| < MQ, Yd = Yd|77:0 :

I t
J= A(l—l))%z)\i Im <§I\2/I§23> {1 +O (‘32,%)} ~ 102 Im (%ﬂ%)

— need [£|/my, ~ O(1) with & ~ ;. Expansion not trustable.

u—med, ms/mp — me/m; = \: expansion even less trustable
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Standard Model GP: semi-analytical approach

Way out:

J = pA2)E o det[H,, Hy] = det [hu, hy — wq

= b1+ Y'Yhot YIH2Y ho— YTH,Y I11

=F (VCKM, Y, Yu, £>

my,
with
b1 = YT [Hy, [Ha, HiAY, ho = YTH,[Hy, Ha]H, Y
ho = Y'[Hy, HalY, hi= Y{H,, [Ha, Hdl}Y
Y =Yy

n
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Standard Model CP for u-mediation

0.6F 1 0.6} u—Mediation
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Reducible corrections

Z; i\ H
Sy OHD
d 'I Y \' q
y ¢ i_d
Px
X
1
0~ —Imtr (D) A5 yy' (£)| S1070 for A< Lory < 1
T ba

Also avoid qH° breaking U(1)y: (¢4, L) ~ (1,1, 1)
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