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Introduction

The Peccel-Quinn solution to the Strong CP problem is problematic

l

Peccel-Quinn must be an extremely good symmetry of high-energy physics

l

Peccel-Quinn (axion) quality problem

- New gauge symmetries can solve the issue



The Strong CP problem

The QCD Lagrangian violates CP symmetry

e ~ Gauge-invariant + renormalizable '
Lacp D 02, G ! | Natural expectation
Non-perturbative QCD (istantons) 0 ~ O(l)

Prediction: electric dipole moment for the neutron

d, ~ 10716|0le cm
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Peccel-Quinn mechanism
A new global chiral U(1) symmetry + charged scalar field ®

1) Spontaneously broken —  a new Goldstone boson: the axion
O(z) ~ fuetl®)/fa a(x) 7y a(x) + vfa

2) QCD anomaly

- generates a potential for the axion
Colored fermions charged under U(1)

P YU
EQ%D D Ot (%) 52 G, GY

0 a(x)

Gt () fa




Peccel-Quinn mechanism

The QCD potential relaxes to the CP-conserving minimum

Axion potential

L 0 b
Qeff

<96ﬂf> =0 (Vafa-Witten theorem)



Global symmetries

We assume that global symmetries are not fundamental but accidental

They arise at low-energy (e.g. from gauge invariance)
L= L&)

Ex: baryon/lepton number in the SM
They are broken by higher-dimensional operators in EFT (UV physics)

ALyy ~ —Ad,l—4 o'l
vV Ex: Towers of new states in string theory

+ Quantum gravity conjectures: gravity violates all global symmetries

7
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Global symmetries

We assume that global symmetries are not fundamental but accidental

They arise at low-energy (e.g. from gauge invariance)
L= L&)

Ex: baryon/lepton number in the SM

They are broken by higher-dimensional operators in EFT (UV physics)

AEUV -~ “ (@ dimension of the operator
W UV cut-off scale

+ Quantum gravity conjectures: gravity violates all global symmetries
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The quality problem

Peccel-Quinn breaking operators are generated at UV scale

ALy ~ _1 _mld]

d—4
AUV

They generate an extra potential for the axion

AVigy (Oesr) ~ Afy ( L )d

Auv
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The quality problem

Peccel-Quinn breaking operators are generated at UV scale

Afn, @ 2m6—i5n @’n
ALyy = | |Ad_4 - h.c.
Uuv

They generate an extra potential for the axion

B(z) ~ f,eial®/fo

d
AVuv = A Aby (A{?v) cos(%% — dy)
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The quality problem

The minimum of the potential is shifted

Axion potential

-7 0 Vg
Oetr
(Best) 0 —  CP — violating minimum!
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The quality problem

We solve the Strong CP problem only if

(Oogg) < 10719 (neutron EDM)
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The quality problem

We solve the Strong CP problem only if
(Oor) < 10710 (neutron EDM)

Minimizing the full potental this translates to

f ity 10 A 4
(—a) faglo_ AQCD

Auv
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The quality problem

We solve the Strong CP problem only if
(Oor) < 10710 (neutron EDM)

Minimizing the full potental this translates to

fo N7 4 —10 A4
() < 1071008

AUV a

UV physics
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The quality problem

We solve the Strong CP problem only if
(Oofr) < 10— 1 (neutron EDM)
Minimizing the full potental this translates to

d—4
fa 4 —10JA 4
(i) a0

UV physics QCD
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The quality problem

We solve the Strong CP problem only if
(Oor) < 10710 (neutron EDM)

Minimizing the full potental this translates to

f ity 10 A 4
(—G’) fo S 107 AGep

Auv

For physically well motivated scales PQ must be preserved up to

f, ~ 101 GeV operators of dimension d =12
Avy ~ Mp: === (high-quality symmetry)



The symmetric model

S 0 0 1 1 NN +1 0 0
Qr 172 | +Yo 1 3 N +1/2 +1 0
Or 1/2 Yo 1 3 N +1/2 -1 0

L7712 | +Y; 1 1 N ~1/2 0 +1
Ll 12 | =Y, 1 1 N ~1/2 0 ~1
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The symmetric model

Field | Lorentz Gauge symmetrie Global accidental symmetries
name | spin | U(1l)y SU(2);, SU(3), Ul)pq U(l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qp 1/2 —Yo 1 3 N +1/2 —1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

New dark SU(N) gauge group

19



The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),
0 0 1 1 +1 0 0
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> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

New dark SU(N) gauge group

+
A new scalar field in the symmetric representation of SU(N)

20



The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2);, SU(3), SUW) | U(l)pq | U(1)g U(1),
' +1

S 0 0 1 1 NN 0 0
Qr 1/2 +Yo 1 3 N +1/2  +1 0
Qr 1/2 —Yo 1 3 N +1/2 -1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

New dark SU(N) gauge group

+
A new scalar field in the symmetric representation of SU(N)

l

Accidental U(1) global symmetry at the renormalizable level
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The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),
0 0 1 1 NN +1 0 0
1/2 +Yo 1 3 N +1/2 +1 0
1/2 +Y, 1 1 N —1/2 0 +1
1/2 —Y;, 1 1 N —1/2 0 —1

A new colored fermion provides the QCD anomaly
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1

We can identify U(1) as the Peccel-Quinn symmetry
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The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

o) 1/2 —Yo 1 3 N +1/2 —1 0
cl 12 | 4y, 1 1 N —1/2 0 +1
c2) 12 | =Y, 1 1 N —1/2 0 ~1

A new colored fermion provides the QCD anomaly

1

We can identify U(1) as the Peccel-Quinn symmetry

We introduce color-singlet fermions to cancel gauge anomalies
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The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qp 1/2 —Yo 1 3 N +1/2 —1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

SSB: S(2) = (VN 2fa+ ) e®@/fs —s SU(N)® U(1)pq — SO(N)
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The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qp 1/2 —Yo 1 3 N +1/2 —1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
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SSB: S(2) = (VN 2fa+ ) e®@/fs —s SU(N)® U(1)pq — SO(N)

SO(N) confinement: 2 energy scales in the model —>| Aso < f,
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The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qg 1/2 —Yo 1 3 N +1/2 —1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

SSB: S(2) = (VN 2fa+ ) e®@/fs —s SU(N)® U(1)pq — SO(N)

SO(N) confinement: 2 energy scales in the model —> Aso < f,

Extra accidental Z2 symmetry preserved by SO(N) dynamics

27



Solving the quality problem

What are the dangerous operators?

' N

Gauge Invariant PQ breaking

The lowest dimensional gives the strongest condition

f it 10 A4
(—G’) o S 107 AGep

Auv
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Solving the quality problem

What are the dangerous operators?

' N

Gauge Invariant PQ breaking

The lowest dimensional arises at dimension N
det S = epnrep SN

If N is large enough the PQ quality problem is solved!

!

Gauge invariance forbids PQ breaking below dimension N
and allows for arbitrary high protection

29



Parameter space

Solution to the quality problem
Colored relics decay before BBN
No Landau Poles below the cut-off scale

We need NV > 12 if Ayv = Mp

Number of dark colors N

SUN) - SON)
24

22

20

[ = g 10] NQ [[€ S U UOIXE 1
%

18

Bad—quality PQ
16

14

12

10
108 101° 1012 10 10t

PQ scale f, in GeV
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Parameter space

SU(N) = SO(N)

24
Solution to the quality problem

Colored relics decay before BBN 22
No Landau Poles below the cut-off scale

= W 100 (T [P See UOTXE |

20

18|

16}

14}

Number of dark colors N

We need N > 12 if Ayy = Mp;
Larger values for smaller cut-off scales

10!
108 101 1012 10t 10te

PQ scale f; in GeV .



Axion Dark Matter

The mass range of DM candidates spans over 80 order of magnitudes

Felds Particles Macroscopic objects

Ultra—light
scalars

j thermal
= r1ehes

AXxions are excellent ultra-light DM candidates

l

They are produced through vacuum misalignment mechanism

32



Dark Matter

PQ broken after inflation
10" —
=

Axion DM (2 1091 = Qpuh® > 0.11

+ o ﬁ
Composite SO(N) bound states % e _

P B
« They emerge after SO(N) confinement g ; ?g
i s 100 =
« Most of them just decay... E E
S 5
 ..butthe Z>o0dd are stable DM candidates! g 0% 2

1[}11 ]UIE

PQ scale f; in GeV



Dark Matter

PQ broken after inflation
1010 ——
>
Z : reflection in group space along an (2 ol A Qpu#? > 0.11
arbitrary color direction o E
<
017+ 2 108} di
Arg — (_1) 17+ 1 A; g § §
= o
1 — 51[ 2 E
LY — (—=1) L 20| 2
3 o
g 5
o lﬂﬁ | 3
if NV is odd | ey AN-D72L 3
if MV is even enr AN /2 03

1011 1012

PQ scale f; in GeV
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Dark Matter

PQ broken after inflation
101{1
-
Axion DM ‘2 1091 Z Opyh? > 0.11
+ 3 P
Composite SO(N) bound states o g F§ o g |
'g 10 %ﬁ
They emerge after SO(N) confinement .é ol E
Most of them just decay... E E
S 5
...but the Z5 odd are stable DM candidates! g 0% 3
Their mass is ~ Aso

Thermally produced (freeze-out/freeze-in) 10°

1[}11 ]UIE

PQ scale f; in GeV



Dark Matter

PQ broken before inflation

1019 =
> :
Axion DM 2 ol
N i ?u—hauD_I!-i ______ o
Composite SO(N) bound states B g
‘§ 10 Opph? > 0.11
They emerge after SO(N) confinement g lrmeaw
Most of them just decay... Ve
-
=
]
..but the Z5 odd are stable DM candidates! % 10°¢
Their mass is ~ Aso al : Dark glueballs decay after
Thermally produced (freeze-out/freeze-in) 10 5 T ol! 012

PQ scale f; in GeV
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Conclusions

The Peccel-Quinn solution has a problem of UV sensitivity

1

Introducing a new gauge symmetry we can build a consistent model

1

We can solve the quality problem and get multicomponent DM

37



Backup slides



N-ality rule (1)

What are the dangerous operators?

' N

Gauge Invariant PQ breaking
55 €iq--in l
PQ charge is proportional to N-ality

[‘P{j}] o #iy — #YI



N-ality rule (2)

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3), SUW) U(l)pq U(1l)g U(1),

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qp 1/2 —Yo 1 3 N +1/2 —1 0
> 12 | 4Y, 1 1 N —1/2 0 +1
L2 12 | =Y 1 1 N —1/2 0 ~1

PQ[S;]=1x2=1 PQQ]=3ix1=%  PQL]=1x(-1)=-3
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N-ality rule (3)

What are the dangerous operators?

' N

Gauge Invariant PQ breaking
53 €iq--in l
PQ breaking = N-ality breaking <= PQ charge is proportional to N-ality

Hen — #YUT #£0 PQ[q){J}] x #en — #13

PQ Is only broken by operators containing one ¢€;,...;, tensor

41



Lagrangian and symmetries
L = Lam + Lyin + Lyuk — V(S)

Low = yoQrSTQr + y L1 SL, + h.c.

U(1)o if Yy # 0 U(1)z

Orr) — €O (R Lrry — e P LR

V(S) = METr [STS|4+AsTr [(STS)? |+ NsTr [STSSTS|—Aus(HTH)Tr [STS]

42



Lagrangian and symmetries
L = Lam + Lyin + Lyuk — V(S)

Low = yoQrSTQr + y L1 SL, + h.c.

U(l)g itY,=0 29

No distinction between L and R

Qrry — €7 Qr(r) L —L

V(S) = METr [STS|4+AsTr [(STS)? |+ NsTr [STSSTS|—Aus(HTH)Tr [STS]
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U-parity
SU(N) and SO(N) are invariant under a discrete symmetry: U-parity

S,,;j — (_1)517:4—513'87:]. A@'j — (—1)5”4_5”«4@5 Q@ — (—1)5”Qi

Reflection in group space along an arbitrary direction

!

We can build gauge-invariant bound states odd under U-parity

E??1""13N“4’i1i2 T AiN—liN

!

Stable DM candidates 4



Stable SO(N) bound states

Stable states because of O-parity or dark lepton number

itY,#0 it Y, =0
it Nisodd | ey AN D22 and 22 ey AN 2L
if N is even EN.AWE and LL EN.AWE

To avoid charged relics we must fix

Y, =0
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Decay of colored relics

Gauge invariance allows dimension-6 operators

(qrQ)(erL) (qrQ)(qRL)

They are allowed for Yo + Y, = {-1/3,2/3,-4/3}

We assume that mg > m
We require that decays of colored fermions occur before BBN

5 4 4/5
~ 1 mo Mp,) 1 /10 (A 11
FQ — 13 sec (2><1011 GeV) (AUV) fa’ > yo V N (]\;I_X) x 107" GeV
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Axion photon coupling

l':'b';F:rrlC.ai"y L = 2 2
‘E’Eff — WHF F;_u.f'.l Cﬂ"f — G(Yg — Yﬁ) — 1.92(4)
d
model dependent model independent
U(1)po U(1)3 Tp — A mixin

Y, = 0 is needed to avoid charged relics ( )PQ ( )F 0 S
Yo = {2*_;’_4} is required to allow Q decays

105 & S

T TTTI T T T I:
10* Neutm'h
10° stars |

.
e
1

I 10 A BRACADABRA |
E 1[}1 ng—‘l)"3 :

ol

i
e

Yo = —1!3 _____
100 F—= —
Yg s L Plasma", i :
10—1 hn]GSEDPEH‘“-—if‘}EE LE":MPDST
10— -2 [N R N Y N I W 1A 1 A T I I T O Y T I I M 1 I N WA i | h\r LA-FT
10 10°% 107 10° 10° 10* 1073 102 10! 10°

Axion mass m; ineV
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Thermal production of composite DM

Mnrc 2 Aen =~ 102 GeV ~
BS = 1150 © 0.12 100 ToV

Qpyih® ( Mgs )2

Efficient dilution mechanisms

' N\

Post-Inflationary Pre-inflationary
Freeze-out production Freeze-in production
+
Early matter domination and late Production suppressed by
decays of SO(N) glue-balls o~ Mss/Tru

== Huge entropy injection/DM dilution
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Dark condensation scale As, in GeV

Scalar in antisymmetric of SU(N)

Same idea but SU(N) is broken to Sp(N)
PQ is broken by dimension N/2 operator e/, SV/?
DM: axions (+ mesons Ly L )

PQ broken before inflation PQ broken after inflation
10" . 1010
N
: %
10° Opadh® < 0.11 z 10°t 5
=i & M
Al 3 < 2
108 £ A 2 108+ =
& ‘E 3 %ﬁ
g o -
10’ -= % 10} .8
L
E
g B
8 6l B
10° o 10°p =
5 S
10° 10°
10° 10'° 101 10'2 10t 1012

PQ scale f; in GeV PQ scale f; in GeV
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