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The strong CP-Problem

SM admits two CP-violating operators:

Phase of CKM matrix Strong CP phase

Oorn = arg(det(y,yl, yayl)) 0 = 0,5 + arg(det(yuya))

Observed value: O(1) 0 <107 (neutron EDM)



The Nelson Barr solution

 Startfrom 6Ooxas =60 =0 (CPisUV symmetry)

« New physics breaks CP 0ok = O(1)
while additional symmetries ensure g — () attree-level

¢

 As a consequence fcxnv — Ocxm + 7 is dynamical field



A minimal MOdel Bento, Branca, Parada '91

* Introduce:

-complex scalar, gauge singlet @
-vector like fermion, same charges as RH up-quark ¢

LD nqq + (91(1) + gi@*)ﬂiq + y%fo@,ﬁj -+ Q%HQ@C@ + ...
* All couplings are real, but CP breaking from

D — % oxp(id)/f), <bé>#0

1) Avoids strong CP violation

B
My = (M ) , my =y, Bi = (g:®+ §;®") = det(My) = pdet(m,) € R

0 my

|

0 caused by absence of £ DO ff@(j , ensured by ZQ; (I), q, q odd



A minimal MOdel Bento, Branca, Parada '91

* Introduce:

-complex scalar, gauge singlet @
-vector like fermion, same charges as RH up-quark ¢

LD nqq + (91(1) + gi@*)ﬁiq + y%ff@@,ﬁj -+ Q%HQ@C@, + ...

* All couplings are real, but CP breaking from

D — % oxp(id)/f), <bé>#0

2) Generates CKM phase, after integrating out ¢

('Tnfu)iﬁcB}i B«‘? (ﬂ-‘]’{)fj

~ ~ _ - L |
(?’}“LH'TH;L)I'j = ((""”fumﬂ)ij N u? + | B|? )

If g; )t i, u < |B|, ¢/f ~ 1 onefinds cxy = O(1)




Nelson Barr, axion-like pheno
LD pugq+ (g:® + g9 )u;q + y;}ﬁ]@iﬂj + ?J%HQ@C@ T ...

 Assume approximate flavor symmetry such that g « (1,0,0), g « (0,1,0)

* Then ¢ is a pseudo Nambu-Goldstone boson
Tree-level couplings:

-CKM phase 0 s ~ Cb/f Requires phase and 1,2 r({?tlon to diagonalize
-mixing angles |V, /¢, p| D cos(¢/ f) [ ( | exp(id/ f) o)]
Myl =my, |1 +7 | exp(—io/f) 1 0] |ml
0 0 0

If » displaced from

. o
minimum of potential ‘ ¢ is DM + CKM elements oscillate!



Oscillating CKM elements

* How large is the effect?

V 104 GeV 10721 eV
Best observables « ¢ _ V/bM cos(mgt) = 107° x A © cos(met)
= el f e

* Prime Candidates for luminosity frontier search:
5V

us

= oscillating Kaon decay lifetime

us

50

—— = oscillating CP violation
Okm

5V,

— = oscillating semi inclusive b->u decay

ub



Oscillating CKM elements

oscillation period Tysc [d]

1/f[GeV~1]




Further signatures

* At 1 loop, coupling to quark masses
Am 3 A )
v 1/ SM 252 UV bt

- Equivalence principle bound f 2 10" GeV
- Search with nuclear clock

* At 2 loop, correction to potential + mass of qﬁ
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Further signatures

10—13 il

10—15 -

10—17 =

1/f [GeV™!]




Thanks!
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