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In 10 years from now ¢

falGeV] ¢ An experimental opportunity
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In 10 years from now ¢
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% Time now to rethink the axion
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QCD axion

* Originally introduced to wash-out CP violation from strong interactions
§Lqcp =0 g—;Gé 0] <107 (strong CP problem)

-~ promote @ to a dynamical field, which relaxes to zero via QCD dynamics

[Peccel, Quinn /7,
Weinberg /8, Wilczek /8]
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QCD axion [a closer look]

* Assume a spin-0 boson with a pseudo-shift symmetry a — a + a f,

a o« ~
broken only by ——GG

fo 8

E(0) < E({a))  [Vafa-Witten, PRL 53 (1984)]
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QCD axion [a closer look]

* Assume a spin-0 boson with a pseudo-shift symmetry a — a + a f,

a « ~
broken only by ——GG

fo 8

E(0) < E({a))  [Vafa-Witten, PRL 53 (1984)]

Oct = % 6—V4E(9eff) — /DQO e—So—l—z'GefffGé

— ‘/IDSO e—So—|—iQefffGé

S/Dw

path-integral measure positive definite
Dy = dA% det (I + M) 1 only for a vector-like theory (e.g. QCD)
does not apply to the SM'!

o —Sotibers [ GG | o~ VaE(0)

* Does the axion really relax to zero !
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QCD axion & CP

* |n absence of UV sources of CP violation (e.g. in QCD)

6—V4E(9eff) — /DQO 6—50(90)+i9efffGé
CP.
? _—%i /DQO/ e—So(gO’)—F?:QefffG/é, """“"& E(eeff) — E(—Heff)

_ /Dgp o~ So(@)—ibets [ GG _ —ViE(—0csr)

V(9)

* However CP is violated in the SM by the CKM phase

E(‘geﬂ“) = E(_Heﬂ?)

So(¢") # So(e)

the CKM sources an odd piece for the potential, responsible for an axion VEV
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Estimating B¢ In the SM

e Axion potential in the presence of Opy
1 a\’

K = (GG.GG) ~ A -ff-
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Estimating B¢ In the SM

e Axion potential in the presence of Opy

vio= 5 ) < (7)
= (GG.GGY ~ AL —f?—

= <Gé, OCPV> - -
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Estimating B¢ In the SM

e Axion potential in the presence of Opy

1 2 a JCKM = Im VudVC’;lVCSVjS ~ 3 X 10_5
Vi)~ -K|— ) +K ( )
(a) = 2 (fa) Ja S
- Vi “
= (GG.GGY ~ AL
c W
/ Ve v, \
~ G2 d S
K' = <GG, OCPV> ~ —= JokmAy
me [Georgl Randall, NPB276 (1986)]
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Estimating B¢ In the SM

e WO observations:

|. The Peccel-Quinn mechanism works accidentally in the SM

2. A no-lose theorem for the SM axion ?

d2¥ON ~ 10_166’efﬁecm M ~ 10732 ecm [d*P| <107%° ecm

-~

—34
10 [For SM prediction see Pospelov Ritz hep-ph/050423 | + refs. therein]

needs huge improvements both from exp. and theory

. a K’ _
mﬂ'} eeﬂc — % ~ —? ~ G%‘AiJCKM N
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Estimating B¢ In the SM

e WO observations:

|. The Peccel-Quinn mechanism works accidentally in the SM

2. A no-lose theorem for the SM axion ?

d2¥ON ~ 10_166’efﬁecm M ~ 10732 ecm [d*P| <107%° ecm

-~

—34
10 [For SM prediction see Pospelov Ritz hep-ph/050423 | + refs. therein]

needs huge improvements both from exp. and theory

. a K’ _
mﬂ'} eeﬂc — % ~ —? ~ G%‘AiJCKM N

is there another way to test the axion ground state 7
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Axion-mediated forces

* 0.4 sources a scalar axion-nucleon coupling

(a) #0
A, a? A m
X% NN — g5yaNN gon ~ et | gLy ~ ff
Qa

LD g>vaNN + gFrafi Ax @ .
GaNA _I_gafa’fzf)/i’)f 5 f§ £,

[Moody, Wilczek PRD30 (1984)]
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Axion-mediated forces

* 0.4 sources a scalar axion-nucleon coupling

———

{a) # 0 A

- —. A 2_ L m
LD ginaNN +glrafivsf %%NN s ¢SyaNN o ~ P e | gl ~ f_f
a a a

* New macroscopic forces from non-relativistic potentials™  [Moody, Wilczek PRD30 (1984)]

S (- gef——-—- iys9p  ivsOp)--——-irsgh
\f Y v, v, ¥ Y,
(a) (b) | (c)
monopole-monopole monopole-dipole dipole-dipole

*does not rely on the hypothesis that the axion is DM
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Axion-mediated forces

* 0.4 sources a scalar axion-nucleon coupling

B ~ A o2 @#0
LD QE?NGNN + gffafi’YSf %FNN — ngaWN

* New macroscopic forces from non-relativistic potentials

A m
ggN ~ —Xles gff ~ =L

Ja Ja

[Moody, Wilczek PRD30 (1984)]

glf--—--{a2 | gl}---—- iysde | ivsGpl--—--irsg?
A S L A A v,
(a) | (b) | | (c)
monopole-monopole Lnr_wi)nopole—dipole ' dipole-dipole
double 8. suppression ARIADNE, OUAX gpgs, ... Spin suppression + bkgd

NMR enhancement
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Monopole-dipole

* ARIADNE will probe into the QCD axion region (depending on 0.)

[See talk by A. Geraci on Tuesday] [O’'Hare, Vitagliano 2010.03889,
1 See also G. Raffelt 1205.1776]
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Axion-nucleon scalar coupling

* Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]
0 MyM — 17 MeV
S eff ulltd _
— Nl|uu + dd|N) ~ 0,
g = 28N Q0[N = O (T )

e See also:

[Barbieri, Romanino, Strumia hep-ph/9605368 — Naive dimensional analysis
Pospelov hep-ph/9707431 — Meson tadpoles
Bigazzi, Cotrone, Jarvinen, Kiritsis 1906.12132 — isospin breaking]

* [wo relevant questions:

|. How to connect gch to UV sources of CP violation ?

2. How to properly impose the nEDM bound 7

L. Di Luzio (Padua) - Catching the axion via new CP-violating forces



A new master formula

* Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]
Ot Mym — 17 MeV
S eff ulltd _
ON = N|uu + dd|N) ~ 0,
i = e VT + TN = b (F )
* From LO bary-meson chiral Lagrangian [Bertolini, LDL, Nesti 2006.12508]

7'('0 — Moy
G = 5ty (op 4 0) G g G = R (abo 4 20) G2 = (b0 + (b + ) 7255 ) |

meson tadpoles
iso-spin breaking

MW missed a factor |/2
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A new master formula

* Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]
16 MyM — 1 17 MeV
S eff ulltd _
Jan 2 fa WLu""’nd< ’uu+ ‘ > 2 ﬁ( fa )
* From LO bary-meson chiral Lagrangian [Bertolini, LDL, Nesti 2006.12508]

7'('0 — Moy
G = 5ty (op 4 0) G g G = R (abo 4 20) G2 = (b0 + (b + ) 7255 ) |

meson tadpoles

iso-spin breaking

e S — S —

G/IW m/ssed a factor D
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An application: Left-Right

* [ ow-scale (PQ)Left-Right with P-parity [Bertolini, LDL, Nesti 2006.12508]

4-quark op. from Wy exchange

chiral representation

Oud (uu)(dw5d) Cg(U]J_rlUQQ — UllUQJrQ)

21 2i
U = exp JeF ’701‘|‘F_H
0 T

Sam— e

c3 My + mg + 4my

BoF?2 mymg + mgms + mgmy,

[ud] \/_CS mqg — My,
BoF2 mymg + mgms + mgmy,

_Gr
1
C (ud] 2C3 Mg — My
BOF2 My My
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An application: Left-Right

* [ ow-scale (PQ)Left-Right with P-parity [Bertolini, LDL, Nesti 2006.12508]
4 CPV observables (e, €', d,, g,n) function of a single phase a (®) = diag {v1, e"v2}
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Conclusions

* Rethinking the axion as a portal to UV sources of CP-violation

Fundamental origin of CP violation
Baryogenesis ?

Acpv

Ocpv

Aqcp
(GG.Ocpv) #0 B =" nEDM (bound)

S :
ol GoN new macroscopic forces

strong CP problem or strong CP opportunity 7
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Axion-mediated forces

* Monopole-dipole (QUAX-gpgs)

A [O'Hare,Vitagliano 2010.03889]
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Axion-mediated forces

* Monopole-Monopole

[O'Hare,Vitagliano 2010.03889]

A
Re Rg km m cm pm nm A
10_10 1017
10—11
Z W 10—12 1013
10—13
10_14 - 109

—
9
_ =
N O1

- 105

| | |
G Y
O 0] N

| | | |
N N N N
B OON e

MICROSCOPE
Black hole spins Monopole-monopole
10_26 BULLLLL EUALALLLL RUBUALLLL WUULALLL LAALLL EUBLLL L LRLILLALL DAL WAL DAL BULAALLL EAALLLLL MULALALLL WAL BSURLAALLL DAL

BRI T V. T Ve TV A VR \ T B Sy A < S N Y. N SN WA | S, Uy S
407107407 407 107 107407 107 407 107 107 407 407 10 40 40 10 40T 40T 10

m, [eV]

g S O S Y
OOOOOCDlOOOO
N
S

|
N
ql

L. Di Luzio (Padua) - Catching the axion via new CP-violating forces



