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The Strong CP Problem and its Axion Solution

Introducing the Strong CP violation

The complete QCD lagrangian is

1 -
Lqcp = —ZFZL‘”FaW + Q (D) Q-+

— (QLTMQR + QRTMTQL) +
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The Strong CP Problem and its Axion Solution

The O-term

92
EQ — —H@GHVPO-FG{LVFZ)G

1s a perfectly legitimate Lorentz-invariant term.

It 1s CP violating! - E- B

This term 1s originated by the topological structure

of the QCD vacuum, let's see how
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The Strong CP Problem and its Axion Solution

Just few hints, because the matter 1s complicated!

Under a gauge transformation, the vector gauge field

transform as

T AR = AP 5 Q(2) APQ L (2) ;Q(x)é’“ﬁ_l(az)
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The Strong CP Problem and its Axion Solution

Just few hints, because the matter 1s complicated!

Under a gauge transformation, the vector gauge field

transform as

To AP = AP — Q(z)A*Q (=

Therefore the vacuum of the theory A=0 1s

transformed 1nto the pure gauge quantity

which can also be different from zero.

Davide Cadamuro - MPP 15-04-2010



The Strong CP Problem and its Axion Solution

Defining as usual

Fiv = 9rAY — §Y AP + gfap AF A

The key quantity in Lg1s a
TrFF = 0,K"

1 _
@ave to check how Au = 59 0, 27" behaves at E
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The Strong CP Problem and its Axion Solution

Atr — oo, the only relevant quantity 1s n, which

describes the way Q goes to the identity

27in

., > e asr —>o00, m=0 =112 ..

Practically we count how many
times the transformation “winds”

around the space
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The Strong CP Problem and its Axion Solution

We can now classify the many vacua of the theory

according to the winding number n

=20, =1, | 0, 1), .

The winding number n 1s

given by the expression

92 4 T
n = 327-(-2 /d CCF(;f Fa'uy

which strongly resembles our guy!
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The Strong CP Problem and its Axion Solution

The true vacuum of the theory must be a superposition of

the different vacua because of tunnelling effect

- aal

|n=1> |n> LEAP: In+2>

The true vacuum must be invariant to any transformation Q,,
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The Strong CP Problem and its Axion Solution

The true vacuum of the theory must be a superposition of

the different vacua because of tunnelling effect

- aal

|n=1> |n> LEAP: In+2>

The true vacuum must be invariant to any transformation Q,,
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The Strong CP Problem and its Axion Solution

The transition amplitude bgtween two distinct O-vacua gifts

us our beloved Ly = 6

<9/‘6—2Ht‘6 y762m9—2m9< ’\e_th\m> _
_Ze—zm(e 0’ )Z / e—ine—if d*z L _

n=m—m’'

= §(0" — 6) / DA, .. |e i/ dx(LotL)
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The Strong CP Problem and its Axion Solution

The transition amplitude bgtween two distinct O-vacua gifts

us our beloved Ly = 6

<9/‘6—2Ht‘6 S‘S‘ezm 0’ —zm9< ’\e_th\m> _
_Ze—zm(e 0’ )Z / L 6,@%‘/&] dizl _

n=m—m’'

= §(0' — 0) / DA, .. ]e d*a(Lo+L)
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The Strong CP Problem and its Axion Solution

And this 1s not the whole story!!!

Also the anomalous chiral current gives its contribution:

L=~ 3P Fup + Q (i) Q+
— (QLTMQR + QRTMTQL) 000000000 42
8, !
M = |M|e™ .
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The Strong CP Problem and its Axion Solution

And this 1s not the whole story!!!

Also the anomalous chiral current gives its contribution:

000000000 4

L =~IM| (Qce™Qr + Qrle Q)
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The Strong CP Problem and its Axion Solution

And this 1s not the whole story!!!

Also the anomalous chiral current gives its contribution:

1 _
»C:_ZF&LL auu"‘Q(Z@)Q_I_
/Xe" —1x m\ ¥
1M (QufeQr + Qrle QL) 4
3,J5 Y
Q — €'27°Q = JI' = Q7' v5Q st AL
2
no_ ~ ag r
0L = ald,JE = —a|M|QvsQ + ng 3573 TrFF
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The Strong CP Problem and its Axion Solution

And this 1s not the whole story!!!

Also the anomalous chiral current gives its contribution:

C¥2

0L = ad,Jt = —a|M|QvsQ + ng 35 ~TrFF

If one Q has , then O is ,

otherwise we have

0 = Oyac + arg (det (M))
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The Strong CP Problem and its Axion Solution

The neutron electric dipole moment (nEDM)

The effective mixing of the O parameter in the quark field
via the anomalous chiral current produce a CP violating

term 1n the T&-n interaction lagrangian

_ /. 0
£7Tn — TN (ZA}/E’)gnnW -+ gnnw) an
N
g@ 0 mymyg m= — M.,
nnmw — P -
" frmy +mg2mg —my —myg T

()-..---....__“u
[
¥
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The Strong CP Problem and its Axion Solution

The neutron electric dipole moment (nEDM)

d,, ~ 107 %0e cm Theoretical estimate

Larmor frequency to be

hw = 2‘,LLnB T dnE‘
measured on ultra-cold n

d,| <2.9x 10 *°ecm  [Baker et al. (ZOOG)E
;

- ~u.
,,,,,

[
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The neutron electric dipole moment (nEDM)
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The Strong CP Problem and its Axion Solution

solution

The anomaly of the chiral current gives us a way to escape
from the Strong CP problem.

The basic 1dea 1s to have a U(1) chiral global symmetry
which 1s spontaneously broken to a CP conserving
minimum of the potential [Peccei & Quinn (1977)].

The Goldstone boson of this theory 1s the Axion

[Weinberg (1978), Wilczek (1978)].
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The Strong CP Problem and its Axion Solution

The simplest axion model 1s the one called KSVZ
[Kim (1979), Shifman,Vainstein & Zakharov (1980)]

1

EI_Z 5VFauV+QL(i$)¢+

— (vl Sur + vr'STyn) — A (818 - £2)°

S(z) = p(x)e’ Y a higgs boson singlet of SM gauge group

() a heavy quark, singlet of SU(2)r x U(1)y,
charged under SU(3).
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The Strong CP Problem and its Axion Solution

When the U(1) symmetry is spontaneously broken at the
very high energy scale f,~ 1010 GeV,

1 .
»C:_ZFOLV auv‘|‘¢(2$)¢‘|‘
OOOTTTRD 4
~fa (w ' pn + yrle g ) + %
— gS ~
ST FF ot |
W — €' = JE = ytyse OO A
2
_ p_ @ H TtFF
5L faa ! 50 + 90 a+f 3%2 r
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The Strong CP Problem and its Axion Solution

Integrating out the heavy field ¢, at low energy the

effective lagrangian remains

2
_ z S _0) L EF
L = Lsm + 0,00 a—|—<fa 9) 353 r
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The Strong CP Problem and its Axion Solution

Redifining a = a — 0f,, we have now the SM

lagrangian plus a new particle, the

a g° ~
L= Lsm + 0,a0"a * _TrFF

fao 322
u 10°
Mg = M fre /MM ~ 6.3meV( L GeV)
fa My, + My fa
1
JaX X —/—

a
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The Strong CP Problem and its Axion Solution

In summary

* QCD has a legitimate CP violating term
proportional to the O parameter
* Measurements tell that O is very close to 0

* The Axion provides a solution to smallness of O
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