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¥The strong CP problem

¥The QCD axion
¥ Experimental searches

¥ The window for preferred axion models
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The strong CProblem

¥ CP violation in QCD

L _ "iID" m ei#q# Lomga v s g sa = 1 a,"#
QCD — q q q Z a ! 8T a p! (GH! - é-u!"# G )
q
-onlyT=1# 1, has physical meaning
q I 1
- exp. limit from neutron EDM =& '’ 101  why so small ?

¥ Qualitatively different from other Osmall valueO problems of the SM
- T is radiatively stablenlikemg $ ! g, ) [Ellis, Gaillard (1979)

- it evades explanations based on environmental selection yunlike10' ° 0 10* °

[Ubaldi, 0811.1599
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The QCD axion

¥ PQ mechanism [Peccei, Quinn (1977)]

- assume a global Ugd) 1) QCD anomalous and ii) spontaneously broken

- axion: PGB of U(&¢ breaking [Weinberg (1978), Wilczek (1978)

ax)" a(x)+ "#f,

|
_ a #He . 1
La = !+ - Ge, # —%a%a+ L(%a,
el fa 8$Ga G > a%a (%a, &)

)

#a (X)$%0 (dynamically, via a QCD-induced axion potential)
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Axion models (UV completions)

¥ PQWW axion [Peccel, Quinn (1977), Weinberg (1978), Wilczek (19

- axion identibPed with the phase of the Higgs in a 2ZHDQM § , ruled out long a

¥ Need to requirefa $ v~ invisible axio(phase of a SM singlet

- DFSZ axion [Zhitnitsky (1980Dine, Fischler, Srednicki (1981)
SM quarks charged under PQ (requires 2ZHDM)

- KSVZ axion [Kim (1979), Shifman, Vainshtein, Zakharov (19
new vector-like quarks charged under ffabre on that later !)
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Axion landscape

: f! 10° GeV
- axion massmy ! m, o | 6 meV f
a a

- axion couplings 1t ,

- the lighter the axion, the weaker are its interactions
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[Kim, Carosi (2009)]
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Search strategies

¥ Most laboratory search techniques are sensitigg to

- Primakoff effecaxion-photon transition in external static E or B beld

VAN = == = = a
1 - ,
Law =" Z0am aF &F = gy aE 4B NV\E

¥ Light Shining through Walls_ £ S-1,-H DESY)

- photon conversion into axions, reconverted back into photons after passing wal

¥ HaloscopesXDMX - U. of Washington)

- search for axion DM with microwave resonant cavities

¥ Helioscopes{AST, IAXO- CERN)

- axions from the Sun
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The OusualO axion window

_CAST

ALPS-II

’0 %E &
a .

_ M — $ 1.92
Jaii eV 1010 GeV N $

E/N anomaly coefbcients,
depend onUV_completion

[Particle Data Group (since end of 900s)
Chosen to include some representative
KSVZ/DFSZ models from:

- Kaplan, NPB 260 (1985),

- Cheng, Geng, Ni, PRD 52 (1995),

- Kim, PRD 58 (199B)
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Hadronic axions (KSVZ)

¥ Field content

Field |Spin|SUB)c [SU(2)L (U(1)y U(l)pQ
QL 1/ 2 CQ | Q YQ X|_
Qr | V2| G lo | Yo | X

! 0 1 1 0 1

¥ PQ charges carried by a vector-like quark Q.= Qr

- original model assumes Q ~ (3,1,0), but in generaterly

N
PQ _

A4

A4

. E" .
GaG + —F aF

N

Q

(X"

Xr) T(&Q)

E=) (XL" Xr) Q3
Q

and a SM singléet containing the OinvisibleO aftiph v)

2

()= L[ + fa] €200

[Kim (1979), Shifman, Vainshte
Zakharov (1980)]

required

} anomaly coeff.
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Hadronic axions (KSVZ)

¥ Field content Field [Spin[SU®R)c [SUR)L U@y [U@)pro |  [Kim (1979), Shifman, Vainshte
Q. |12 G | o Yo X, Zakharov (1980)]
Qr | V2| G | o Yo | Xr
| 0 1 1 0 1
¥ Lagrangian La=Lsw+ Leg "™ Vui + Logg XL " Xg| =1
- Lpg = |'y#[°+ QiDQ " (Yo Q. Qr# +H.C)  w—fp Mg = yofal 2

= Vi

THE I & T & [HP#

ml Nfa

- Lgg d" 4 mixing with SM quarks (depends in Q-gauge quantum numbers)
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Q stability & PQ quality

¥ Symmetry of the kinetic term

o =0
U(l)QL # U(l)QR # U(l)l — U(l)pQ %U(l)Q

Lpg = |'y#[>+ QIDQ " (Yo QL Qr# +H.c))

- U(1)o Is the Q-baryon numbet.dxact, Q would be stable

ISsue with cosmology !

L. Di Luzio (IPPP, Durham) - Redebning the Axion Window



Q stability & PQ quality

¥ Symmetry of the kinetic term

o =0
U(l)QL # U(l)QR # U(l)l — U(l)pQ %U(l)Q

Lpg = |'y#[>+ QIDQ " (Yo QL Qr# +H.c))

- U(1)o Is the Q-baryon numbet.dxact, Q would be stable

-If Log #0 U(1) Is further broken and Q-decay Is possible
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Q stability & PQ quality

¥ Symmetry of the kinetic term

bo =0
U(l)QL # U(l)QR #U(1), —> U(l)PQ %U(l)Q

Leg = |'y#2+ QIBQ " (yo QL Qri# +H.c.)

- U(1)o Is the Q-baryon numbet.dxact, Q would be stable

-If Log #0 U(1) Is further broken and Q-decay Is possible

¥ Global symmetries expected to be broken by Planck-scale physics

- U(1)o and U(1pgbreaking effective operators (can consistently coexist)

L& ~f  responsible for Q decay (evenfef, =0 )
V& e —— ~-f N > 10 not to ruin the PQ solution
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Cosmologcal constraints

¥ Colored meta-stablparticles are severely boundgdcosmology

EW # interactions out 10 2
of equilibrium

Big Bang Nucleosynthesis (BBN)

10

Recombination  10® CMB radiation

Diffusey-rays
Age of the Universe 10"
Energy density

Heavy isotopes

lols]

[See e.g.ONon-collider searches for stable massive pa
Burdin et al. Physics Reports 582 (2015) 152
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Heavy QOs relic density

¥ We assume Fheating® Mo (thermal distribution of QOs as initial condition)

¥ Reliable estimates og  remaincarn issugbut Q abundances arguably too high

T T "v
Qq > Qom .,.;’9
5 4
6"’4’
Free Bound
< 7
)] 7
S o
g [ F
ke |
|
_5 - [Dover, Gaisser, Steigman (1979),
- Nardi, Roulet (1990),
LHC - Arvanitaki et al., hep-ph/0504210,
' 0 —— 2 —— 4 —— 6 —— 8 ' Kang, Luty, Nasri, hep-ph/0611322,
Jacob, Nussinov, 0712.2681
l0g+o(ma/TeV) Kusakabe, Takesako, 1112.p860
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Selection criteria

¥ We require:
1. The Q are sufbciently short liveds 10 s in order to avoid cosmological isst

- decays via d=4 operators are fast enough

- decays via effective operators

1

d>4 _ d> 4
LQq - v @ 4 OQq +h.c. 0 |
Planck J::; ol

g
1 mg" |
!NDA:44I 2ne ! 3(ne 1 D)(ns 1 2)1 pg 20! 4) |
f e _
(A1) 3(ne 1 1)l(ng 1 2)! g 20 5|
| LHC
-102' 4 | 6 | 8 “1101 | 1112' L

log1o(Ma/GeV)
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Selection criteria

¥ We require:

1. The Q are sufbciently short liveds 10 s in order to avoid cosmological isst

- decays via d=4 operators are fast enough

- decays via effective operators |
51
Ld> 4 _ 1 Od> 4 +h C
Qq ~ VICIE) Qq et 7 |
Planck % ol
1 m2d! 7 3 _
WA @y Sy T Dy T 220 5
' ' ' ' ' IVIPIanck |
| LHC
' ~ T T 8 10 12 14
-~ Q must allow for d=4 or 5 decay op.O:

log1o (Ma/GeV)
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Selection criteria

¥ We require:

1. The Q are sufbciently short liveds 10 s in order to avoid cosmological isst

2. No Landau poles below #@GeV

- large Q multiplets drive the gauge couplings towards the non-perturbative re:

ud_dpgi =1 bg® b =gauge -matter

0.02C——

N.B. two-loop effects arucial if there | SM$ 127106

IS an accidental cancellation in 1-loop b.f. .- |
[DL, GrSber, Kamenik, Nardecchia, 1504.00359] § 0.01C
| 0.00t

R O T T 20

logyo!! "GeVk
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Selection criteria

¥ We require:

1. The Q are sufbciently short liveds 10 s in order to avoid cosmological isst

2. No Landau poles below #@GeV
- large Q multiplets drive the gauge couplings towards the non-perturbative re:

3. Absence of domain walls

4. Q-assisted unibcation
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Phenomenologically preferred Q

¥ Only 15 QOs survive ma 20 E, Lo2a)
BT SV 100GeV N
Ro Oqq | Lanaer [GeV] | ENN :
P 2
3,1, U3)| 0,dr |9.3410%(gy) | 2/3 E_ ¢ 0Q%
(3,1,2/3) Q,ur |5.4410%(q) | 8/3 N o (&)
(3,2,1/6) Qr O 6.5410*(g.1) | 5/3

(3,2,! 5/6) | Q,drH 4.3410°" (q1) | 17/ 3
(3,2,7/6) Q, urH 5.6 410°% (1) | 29/ 3
(3,3,! /3)| QgaH 5.1410°(g,) | 14/ 3
(3,3,2/3) Qrq H 6.6 410°"(g2) | 20/ 3
(3,3,! 4/3) | Q,drH ? |3.5410%(qy) | 44/3

(6,1,! 1/3)

Q. ! dr G

2.3410° (q1) | 4/ 15

(6,1,2/3)

GL wi UR GH'

5.1410%°(g1)

16/ 15

(6,2, 1/ 6)

Qr'wa GH'

7.3410%(qg)

2/ 3

8,1,! 1)

7.6 4107 (1)

8/ 3

(8,2,! 1/2)

Q! erG”
6R| N IIL GlJ.'

6.7 410°" (1)

4/ 3

(15,1,! 1/3)

Qu!ur drGH

8.3410% (o)

1/ 6

(15, 1,2/ 3)

Q! ur G

7.6 4107 (g3)

2/ 3
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Phenomenologically preferred Q

¥ Only 15 QOs survive m, 20 E.
Gt = oy 100 Gev N 924
Ro Oqq | Lanaer [GeV] | ENN
(3,1,! 1/3) Q. dr 0.3410°%(q1) | 2/3 7"
(3,1,2/3) Q. URr 5.4410°**(g1) | 8/3
rR‘g (3,2,1/6) Qrq 6.5410°(q1) | 5/3

(3,2,! 5/6) | Q,drH 4.3410°"(g1) | 17/ 3
(3,2,7/6) Q, urH 5.6410°°(g1) | 29/ 3

(3,3,! /3)| QgaH 5.1410°(g,) | 14/ 3 >
(3,3,2/3) Qrq H 6.6 410°"(g2) | 20/ 3 g
Rg (3,3,! 4/3) | Q,drH 2 [35410%(qy) |44/3 5
(6,1,! 1/3) [Q, ! drG" [2.3410° (1) | 4/15 =
(6,1,2/3) Q! urG" [5.1410%°(q;) |16/ 15 =
(6,2,1/6) |Qg!u g G* [7.3410%(q1) | 2/3 %
8,1,' 1) |Q,'uerG* |7.6410%(q1) | 83 S
(8,2, 1/2) |Qg! "L G*" |6.7410°(01) | 4/3
(15,1,! 1/3)|Q, ! ;1 dr G*' | 8.3410%"(g3) | 1/6
(15,1,2/3) |Q, ! ;i urG*' | 7.6 410 (g3) | 2/ 3

L. Di Luzio (IPPP, Durham) - Redebning the Axion Window




RedePning the axion window

T ‘ T ‘ T l T ‘ Ed
/ //
U /
/ 4 4
/ yr /
4 7’ U4
Y /
| / , 4
H /
L / // P
/ p ’
7 /
/ /
/ 7,
/
/
CAST ' AN '
L / / g ’

T 7 Rd ’ R4

1 L]

| I // //

/ /

ALPS-I] ) |
¥ |, TUTTERRRRTTTTTELLO s
—. IAXO -
_________________________________
= ADMX : OuSualo aX|c/),n"band
EM 1 1.92 " 40.07,7]
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RedePning the axion window

[Di Luzio, Mescia, Nardi (2016)] /"

- CAST
ALPS-II

-
_______________________

_________________________________

"GeV' #
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More QOs

¥What happens for N> 1 ?

- combined anomaly factor fB + Rg + ... ===

¥ Strongest coupling (compatible with LP criterium) is given by

(3,3,! 4/3)$ (3,3,! 1/3)%(6,1,! 1/3) % E.N ¢ =170/3

¥ Unfortunatehcomplete decouplingithin theoretical errors is possible as well:

(33," 1/3) # (6,1,"
(6,1,2/3) # (8,1,"
(3,2," 5/6) # (8,2,"

1 3)
1) } E.N ¢ = (23/12,64/ 33,41/ 21) ~ (1.92,1.94, 1.95)
1 2)

Mg 2.0 E. |
= Zcy 1.92(4
ST eV 1010 Gev (NC 92(4)

[Theoretical error from NLQPT
Grilli di Cortona et al., 1511.0286
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More QOs

- CAST
ALPS-II

"GeV' #
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More QOs

CAST
ALPS-II

L. Di Luzio (IPPP, Durham) - Redebning the Axion Window



What about DFSZ axions ?

¥ Each RH SM fermion can have a different PQ charge
ujR%exp(iXuj)ujR ! . . H#
dy % exp (X 4 ) dk 5- |
e, % exp (iX ¢) €k |

¥ With two or three Higgs doublets, DFSZ remains withireNL KSVZ window

DFSZ-l: Xe= Xy FE/N=8/3

DFSZ-II : Xe= X E/N =143
DFSZ-1I : Xe=!Xy, E/N=2/3 € u.d (max)

¥ Clockwork-like scenarios witleage numbeof Higgs doublets allow fmostE/N

- with n up-type doublets which do not couple to SM fermicas-§» E/N ~ 2"

- n = 50 from Landau pole condition
[See also Farina et al. 1611.09¢
for KSVZ clockwork]
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Conclusions

¥The QCD axion is a well-motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate

¥ Healthy experimental program
- experiments are enterimpw the window predicted by the QCD axion

- many new ideas in the recent years

¥ Theoretical work still ongoing
- reduce non-perturbative QCD uncertainties

- debne theoretical uncertainties due to Omodel dependenceO
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Conclusions

¥The QCD axion is a well-motivated BSM scenario
- solves the strong CP problem

- provides an excellent DM candidate

¥ Healthy experimental program
- experiments are enterimpw the window predicted by the QCD axion

- many new ideas in the recent years

¥ Theoretical work still ongoing
- reduce non-perturbative QCD uncertainties

- debne theoretical uncertainties due to Omodel dependenceO

~— Here: Axion window depPned in terms of precise pheno requirements
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Backup slides
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An iImmoral DFSZ construction

1. Consider@, Hy! 2 and normalize % g =& X, =!2q Xq=0

2. Debneai; = H, . Add n up-type doublets:

(HHie D(He iHa) - =B X=1 2g

3. Finally, couple also the OleptonO8Higgs

(HeHR)(HWHg) ”m.—b Xe=2”+1q

One can obtain in this way:

- n = 50 from Landau pole condition
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Unibcaxion ?

¥ Some QOs might improve gauge coupling unibcationice, Rattazzi, Strumia, 1204.5465]

- out of all our 15 cases, just one works Pne: Q ~ (3, 2, 1/6)

10910 (1/GeV)
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Unibcaxion ?

¥ Some QOs might improve gauge coupling unibcationice, Rattazzi, Strumia, 1204.5465)

- out of all our 15 cases, just one works Pne: Q ~ (3, 2, 1/6)

¥ Conceiving a UV model remains, however, a challenge

- Q %$cur

-mg ! fa" Mgur

[PQ,GUT] =0 e Mo = O(fa)

- a complete GUT multiplet doesnOt help !
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Domain Wall (DW) problem

¥U@ro ' Zn,, explicitly broken by QCD effects

- a(x) debned in [0%3v3] ()% Hsv,e? Ve

2! vy

- axion potential periodic ina= Ngw =2N )8 Npy degenerate vacua

DW

¥ SSB of a discrete symmetry leads to (stable) DW conbgurations, whosd&amgtygy
can easily overclose the Universe

domain walls
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Domain Wall (DW) problem

Ro Oog 179 [GeV] |EN |Npw
(3,1,! 1/3) Q, dr 9.3410%(g1)| 2/3 | 1
(3,1,2/3) Q, UR 54810 (g1)| 8/3 | 1
(3,2,1/6) Qr 0L 6.5410*%(g:1)| 5/3 | /2
(3,2,! 5/6) | Q,drH 43810° (qu) | 17/3 | 2
(3,2,7/6) Q,urH |5.6410°°(q1)| 293 2
(3,3,! 1/3) | Qgo.H 5.1410°(q) | 14/ 3] 3
(3,3,2/3) Qra.H [6.6410°(g)|20/3]| 3
(3,3, 4/3)| Q,drH % [3.5410'(g;)| 44/3/| 3
(6,1,! 1/3) |Q,! .1 drG" [2.3410°(g1)| 4/15/| 5
(6,1,2/3) |Q.!u urGH' [5.1410°(gy) [16/15 5
(6,2,1/6) |Qg!ua Gt |7.3410%(gy)| 23] 10
8,1,' 1) |Q, ! erG" |7.6410%(g:)| 8/3 1| 6
(8,2,! 1/2) | Q! "L G* |6.7410°(g1)| 4/3 | 12
(15,1,! 1/3)|Q, ! .1 drG*' |8.3410° (g3)| 1/6 [\ 20
(15,1,2/3) |Q, ! ;i urG*' |7.6810%" (g3)| 2/ 3
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DW problem - solutions

¥ InBation can dilute them away

fa! Hi, Try ! Mqg

- can still be relevant in pre-inf3ationary PQ bresdgnge ifyq ! 1
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DW problem - solutions

¥ InRation can dilute them away

Ro Ooq 179[GeV] |EN |N
(3,1,! 1/3) Q. dr 9.3410%(g1)| 2/3 || 1
(3,1,2/3) Q, Ur 5.4410*(g1)| 8/3 |\ 1
(3,2,1/6) Qr O 6.5410%(g1)| 5/ 3
(3,2,! 5/6) | Q,drH 434107 (g1)| 17/13| 2
(3,2,7/6) Q,urH |5.6410%(g1)| 293 | 2
(3,3,! U3)| QgaqH 5.1410°(g.) | 14/3| 3
(3,3,2/3) Qg H |6.6410°"(g)|2003| 3
(3,3,! 4/3) | Q,drH 2 [3.5410"%(g1)|44/3| 3
(6,1,! 1/3) |Q, ! .1 drGH* [2.34810°(g1)| 4/15| 5
(6,1,2/3) |Q, ! urG"' |5.1410°°(g1)|16/15| 5
(6,2,1/6) |Qg!uq G" |7.3410°%(g1)| 2/3 | 10
8,1,! 1) |Q, !, erG" |7.6410%(g1)| 8/3 | 6
(8,2,! 1/2) |Qg! u1 "L G"' [6.7410°(q1)| 4/3 | 12
(15,1,! 1/3)|Q, ! .1 drG*' |8.3410°*(g3)| 1/6 | 20
(15,1,2/3) |Q, ! .1 urGH*' |7.6410" (g3)| 2/3 | 20

L. Di Luzio (IPPP,

¥ Npw = 1 (no remnant discrete symmetry)

+ new solutions with 2 QOs by combining 8 an

with opposite PQ charge

T(8) =3

T(6) =

NI Ol

Npw (6! 8)=2(T(8)" T(6)) =1

DurhanfRedePning the Axion Window



DW problem - solutions

¥ InBation can dilute them away
¥ Npw = 1 (no remnant discrete symmetry)

¥ Explicit PQ breaking [Sikivie (1982)]

" a
'V, =1 2vy" cos V—! !
a

IV =1"(#e " + h.c)

- large enough so that a unique vacuum takes over before DWs dominate energ)

- small enough so that PQ solution is not ruined
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Heavy QOs relic

- above t~ 180 MeV: perturbative annihilation

! Fn St g $u2” avgy & #o S

n m
" h2 Free -20 i 4 n—3 _Q
© 25 10675 G0 Geyz ( 8al0

- below Tc ~ 180 MeV: heavy QOs get conbned in color singlets and annihilation r

restart via the formation of intermediate bound statesge+JQqq% QQ + qqq )
[Kang, Luty, Nasri, hep-@8i11322]
' " Bound % Rhad 2% Tc &_3/2# mMq $3/2

" gh? =8.7410 %

GeV ! 180 MeV GeV

- however QQ, QQQ, E bound states (so far not taken into account) would hinder
[Kusakabe, Takesako, 1112.08t
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Accidental symmetries

¥ Assume a suitable discrete (gauge) symmgtry  ensuring

1. U(1poarises accidentally and is of the requnrgld quality
2. U(1) is either broken at the ren. level, or it can be of sufH@dmuality

¥ An example with Q ~ d Undergy (with” " €2'/N)

QL —=QL, Qr—-wVQr, ! mw!,
Zn(Q) d! 4 d=5 (XL, XR)
1 Q. dr Q. 'ua (D*H) 0," 1)
" | Qud! ("1, 2)
n N2 ') Q,dr! %, QraH !'| (2,2)
"N 119, QrH, Q, dr! b (1,0)

- ensures that the minimum dimension of the kg hyeaking operators ¢{
ISN , while the dim of the U({d preaking operators depends nq)
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Axion coupling to photons

See e.dl511.02867

¥ Axion effective Lagrangian

_1- 2, @ Qs ol 1— o o _ #em E
La= 0%+ £ g Cu G + Zade FuF % T 2B, N
. . . . . . u " g -8 | u
- beld depended chiral transformation to eliminate aGGtidde 4 ! €”7+* |
tr Qa =1
1 5,1 "
La= E(! nd)” + Zlaga"" FuF™ " g M,og + h.c.
| ! L
_ bR Qapy ol oiQa - my O - 3 0
Ma_e a qu a , Mq— 0 My J Q_ (3) |%
Mt . . ..
Qa = #M21$ (no axion-pion mixing)
# 70 & '
_ #em E 6tr$Q Q2°/§‘_ $em E ., 24mg+m, _m, 20 E . 1.92(4)
* T 2%t N : 2, N 3mg+m, eV 109Gev N
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