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The Strong CP problem

The QCD Lagrangian violates CP symmetry

Gauge-invariant + renormalizable Natural expectation

ECDDQ_%GG éuy—b — n
Q 8w T pY T a Non-perturbative QCD (instantons) 0~ O(1)

Prediction: electric dipole moment for the neutron

10 e Neutron Scot.
¥ -19 O Neutron Beom Mag. Res.
® UCN Mag. Res.

T . Upper bound
L10_22 D] 9_ S 10_10
o Why so small??

o,

—
o I
]
=
|

d, ~ 10716]fle cm

=

j

Upper Limit of Neutron EDM (excm
(]
o L%

O,

|
1950 1960 1870 1980 1990 2000 2010 5
Year



Peccel-Quinn mechanism
A new global chiral U(1) symmetry + scalar field ¢



Peccel-Quinn mechanism
A new global chiral U(1) symmetry + scalar field ®

1) Spontaneously broken —  a new Goldstone boson: the axion

O(z) = fae't®)/ ] a(z) =¥ a(x) + 7 fa



Peccel-Quinn mechanism
A new global chiral U(1) symmetry + scalar field ®

1) Spontaneously broken —  a new Goldstone boson: the axion

O () ~ foetal®)/fa a(x) i a(x) + vfa
2) QCD anomaly —>  generates a potential for the axion
Colored fermions with chiral U(1) charges (shift-symmetry is broken!)
P . ~ e
Lodn D b (z)22Ge, G e (1) =  — 42



Peccel-Quinn mechanism

The QCD potential relaxes to the CP-conserving minimum

Axion potential

é —0 Vafa-Witten theorem
(Oetr) = E(0) > E(0) 9



Global symmetries

Global symmetries are not fundamental but accidental

Gauge theory perspective

The Lagrangian must be gauge-invariant

}

Accidental global symmetries at the renormalizable level
[ = [:(4) Ex: baryon/lepton number in the SM

}

Broken by higher-dimensional operators (UV physics)
ALyy ~ —L2-0ld

d—4
AUV
10



Global symmetries

Global symmetries are not fundamental but accidental

Quantum Gravity conjectures, based on Black Hole physics

Il

No global symmetry can exist in a theory of Quantum Gravity
[D.Harlow, H. Ooguri *18]
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The quality problem

PQ symmetry arises accidentally at low-energy (How?)

New gauge symmetries?
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The quality problem

PQ symmetry arises accidentally at low-energy (How?)

l I-b New gauge symmetries?

UV physics (gravity?) violates PQ symmetry
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The quality problem

PQ symmetry arises accidentally at low-energy (How?)

l I-b New gauge symmetries?

UV physics (gravity?) violates PQ symmetry

}

This generates Peccel-Quinn breaking operators at low-energy
ALyy ~ —5 0
‘ AUV

New contribution to the axion potential (shift-symmetry Is broken)

AVuv (Oer) ~ Ay (A{?V)d

14



The quality problem

The minimum of the potential is shifted

Axion potential

-7 0 Vs
Oetr
(Besr) 0 —  CP — violating minimum!
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The quality problem

The minimum of the potential is shifted

Axion potential

-7 0 T

PQ breaking by UV physics = induced f.s at low energy

17



The quality problem

We solve the Strong CP problem only if

(Oogg) < 10719 (neutron EDM)

18



The quality problem

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

Minimizing the full potental this translates to

f =t 10 A 4
(—a) faglo_ AQCD

Auv

19



The quality problem

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

Minimizing the full potental this translates to

fo Nt 44 —10 A4
() < 1071048

AUV a

UV PQ-breaking physics

20



The quality problem

We solve the Strong CP problem only if
(Oogg) < 10719 (neutron EDM)
Minimizing the full potental this translates to

d—4
fa 4 —10/A 4
()" st 107 o] o

UV PQ-breaking physics
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The quality problem

We solve the Strong CP problem only if
(Oogg) < 10719 (neutron EDM)
Minimizing the full potental this translates to

d—4
_Ja 4 —100A 4

UV PQ-breaking physics Experimental bound

22



The quality problem

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

Minimizing the full potental this translates to

Auv

( fa ) f4 < 107104

fo < Auv
The lowest-dimensional PQ-breaking operators are the most dangerous!

23



The quality problem

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

Minimizing the full potental this translates to

f =t 10 A 4
(—G’) fo S 107 AGep

Auv

For physically well-motivated scales PQ must be preserved up to

park Matter f, ~ 109711 GeV operators of dimension d > 10 - 12

Gravity Auv ~ Mpy (high-quality symmetry2)4



The quality problem

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

Minimizing the full potental this translates to

fo \7F 4 10 A 4
() 10700,

Auv

For physically well-motivated scales

K ~ 10971 GeV PQ-breaking operator v_vith
PariMattr J ’ mem) d < 10-12 must be forbidden

25

Gravity AUV ~ Mp)



Solutions to the quality problem

fo Y5 10 A 4
(—a) fa S107FAGep

Auv

26



Solutions to the quality problem
()" 2 21071000
Low-scale f,

Challenge: evade astrophysical bounds f. 2 10° GeV

27



Solutions to the quality problem

fo N4t 4 —10 A4
(_a) glo AQCD

Low-scale f,

Challenge: evade astrophysical bounds f. 2 10° GeV

l possible realization

Modified m, — f, relation
extra contribution to m, from hidden gauge sector with PQ anomaly Ap > Agcp

May arise in mirror SM (or mirror QCD or mirror GUT) models

[Rubakov ‘97, Berezhiani, Gianfagna, Giannotti ‘01,

Gianfagna Giannotti Nesti 04, Gaillard, Gavela et al. 18, ...] .



Solutions to the quality problem

d—4
M%) FES10700

Auv

Low-scale f,
Gravitational suppression of coupling

If PQ-breaking operators are generated by non-perturbative gravitational effects
)\AﬁUv, A\~ e P

Studied in the context of Euclidian Wormholes
[Lee ‘88, Giddings, Strominger ‘88] S ~ MPl/fa, No qua“ty prob|em

[Abbott, Wise ‘88, Alvey, Escudero 20] .S ~ log Mp1/ fa Quality problem

29



Solutions to the quality problem

f Y g ~10 A4
(—“) S 107 AGep

Auv a

Low-scale f,
Gravitational suppression of coupling
Gauge protection

Low-dimensional PQ-breaking operators are forbidden by gauge invariance

1. New gauge group unrelated to SM flavor

2. New gauge group related to SM flavor

30



Discrete/Abelian gauge symmetry

- 27T

Ly : ®—€e'nd mmp ALyy = o m=) \Weneed n > 10

I ATV
It can emerge from a U(1) gauge symmetry: & — e @d (8y: U1)— Z,
[Krauss and Wilczek ‘89, Dias et al. 03] S —emes a=72r

[Carpenter et al.”"09, Harigaya et al. "13]

Abelian gauge U(1) : P; — el N AL:UV _ ((I)I)(lm (3)22;11
[Barr and Seckel "92] Py — il ATTFaE=

m=) \\e need ¢q1 + g2 > 10

31



Non Abelian gauge symmetry

[Di Luzio, Ubaldi and Nardi "17]

G =SU(N)® SU(N) +scalar field Y ~ (N, N)

Renormalizable potential V(Y) = f(Tr[YTY], Tr[YTYYTY])
N >4

==) Accidental global U(1) Y — @Y

== promoted to a PQ symmetry introducing new
colored fermions charged under G

PQ broken by ALyy = % oc €t iNe YLV
U e N> 10
Dangerous heavy colored relics in post-inflationary scenario
m) See related discussion later 32




PQ and flavor?

A new gauge group G acts on scalars which couple to (exotic or SM) quarks

If (some of the) SM quarks are charged under G
G Is a flavor symmetry

V4 \

likely Non-Abelian Spontaneously broken

33



PQ and flavor?

A new gauge group G acts on scalars which couple to (exotic or SM) quarks

If (some of the) SM quarks are charged under G
G Is a flavor symmetry

V4 \

likely Non-Abelian Spontaneously broken

Progamm: determine G and breaking patterns which

(1) predict an accidental U(1) symmetry origin of PQ

(2) protect the U(1) symmetry from UV-breaking sources PQ quality
(3) reproduce the fermion masses/mixing of the SM Flavor

m=) multiple scalar vevs to provide high-scale PQ and SM flavor scales



Axion quality from flavor ame nawi 21

[Darmé, Nardi, Smarra "22]

Rectangular gauge groups

We saw before that

G =SU(N)® SU(N) +scalar field Y ~ (N, N)
provides an accidental PQ broken by

A'CUV p— —;\jiftzl XX Gil""iNEjl ; Y-Jl...Y-jN

Uuv

solving the quality problem for
N > 10

37



Axion quality from flavor ame nawi 21

[Darmé, Nardi, Smarra "22]

Rectangular gauge groups

Observation

Gr = SU(m)® SU(n) +scalar field Y ~ (m,n) m#n

in Yo YN vanish identically

.....

== EXxact accidental U(1) Y — e*@Y

38



Axion quality from flavor ame nawi 21

[Darmé, Nardi, Smarra "22]

Rectangular gauge groups

Observation

Gr = SU(m)® SU(n) +scalar field Y ~ (m,n) m#n

in Yo YN vanish identically

,,,,,

== [EXxact accidental U(1) Y — e*¢Y

(1) We need to add additional scalars to avoid massless colored fermions

(i1) The accidental U(1) is not exact but...
(i) ...we can protect it up to D=10 avoiding a too large number of chiral new quarks

m) keep(m,n) <3 tointerpret G as a flavor symmetry!

40



Axion quality from flavor ame nawi 21

[Darmé, Nardi, Smarra "22]

Rectangular flavor gauge groups
Gr®U(l) with G =SU(m) ® SU(n) m#n

Y ~ (m,n) + additional scalars/chiral quarks

SM quarks are charged under the flavor gauge group

l Example
SUB)®SUR2)®U((1)E

qr. ~ (3,1), up ~ (1,2), tp ~ (1,1), Qr ~ (1,1),
Ug ~ (3,1), Up ~ (1,2), Ty, ~ (1,1), Qg ~ (1,1).

Possible signatures: light flavored gauge bosons

See next talk by Clemente Smarral

Y ~(3,2), Z~(3,1), X~ (1,2).

42



A GUT + flavor solution  wivwic 2
SO(10) GUT

Ly_—o+ Ly = y10Y¥16¥V16P10 + Y10V16YV16 P10 + Y126V16 V16 P126 + I.C
!

SM fermions + RHNSs

43



A GUT + flavor solution  oivuzio 20
SO(10) GUT

Ly—o+Ly = y10V16V16010 + Y10V16V16 P10 + Y126V 16YV16P136 + h-C
!

SM fermions + RHNSs
Flavor symmetry

1

If y, — 0 Accidental global U(3) = SU(3)s @ U(1)pqg

PQ(¢10) = PQ(¢126) = —2PQ(t16) 1
Anomalous under QCD

SSB due to D16, 65126

44



A GUT + flavor solution  oivuzio 20
SO(10) GUT

Ly—o+Ly = y10V16V16010 + Y10V16V16 P10 + Y126V 16YV16P136 + h-C
!

SM fermions + RHNSs
Flavor symmetry

1

Ify; — 0 Accidental global U(3) = SU(3)s @ U(1)pqg

PQ(%O) — PQ(¢1§6) — —QPQ(¢16) 1
Anomalous under QCD

SSB due to 4516, 651?6
Gauging of flavor symmetry SU(3);

U(1)pg is promoted to an (accidental) symmetry of the full renormalizable Lagrangian

45



A GUT + flavor solution  wivwic 2

Field | Lorentz SO(10) Z, |SU(3); Z3 | U(l)pq
e | (1/2,0) | 16 i 3 P
w% ..... 16 (1/2,0) 1 1 3 i /3 0
o0 | (0,00 [ 10 1| & TP 2 SU(3); provides protection from UV sources
o (0,0) 16 i 3 MR
s | (0,0) | 126 —1| 6 7P —2
¢ | (0,0) 45 1 1 1 0

PQ-breaking operators allowed by SO(10)® SU(3);

‘1.1'5'?0 (d=6)
s (d=6)
@?ﬁﬁﬁn (d=9)
@?ﬁﬁﬁz—a (d=9)

D1e (d=12)

46



A GUT + flavor solution  oivuzio 20

Field | Lorentz SO(10) Z, |SU(3); Z3 | U(1l)pq
e | (1/2,0) | 16 i 3 /3 1
w% ..... 16 (1/2j D) 1 1 § eéél?rf?p 0
b10 EM) 10 -1 ® eiﬂjz —2 SU(3); provides protection from UV sources
D16 0,0) 16 i 3 —1
s | (0,0) | 126 —1| 6 7P —2
Dy (0,0) 45 1 1 1 0
PQ-breaking operators allowed by SO(10)® SU(3);
- ¢ (d = 6)
#10 can only develop P (d=6)
electroweak VEV 6
1 &= 015970 (d=9)
@?ﬁé?ﬁ (d=9)

Negligible contribution to Ocsr P12 (d=12)

47



A GUT + flavor solution  oivuzio 20

Field | Lorentz SO(10) Z, | SUB3); Zs | U(1)pq
e | (1/2,0) | 16 i 3 /3 1
w% ..... 16 (1/2j D) 1 1 § eéél?rf?p 0 - -
¢o | (0,0) 10 —1| 6 &8 2 SU(3); provides protection from UV sources
o | (0,0) 16 i 3 M
s | (0,0) | 126 —1| 6 7P —2
Dy (0,0) 45 1 1 1 0
PQ-breaking operators allowed by SO(10)® SU(3);
Electroweak VEV 8 (d = 6)
Insertions are needed 10 qum %55 (d = 6)
project on SM vacuum 5907, (d = 9)
@?ﬁﬁﬁ (d=9)

Negligible contribution t0 et qum 12 (d =12)

48



A GUT + flavor solution  wivwic 2

Field | Lorentz SO(10) Z4 | SU(3) F o s U(I)PQ
e | (1/2,0) | 16 i 3 R
w% ..... 16 (1/2j D) 1 1 § eéél?rf.?p 0 . .
60 | (0,0) [ 10 —1| 8 ] -2 SU(3); provides protection from UV sources
o6 | (0,0) 16 i 3 M
s | (0,0) | 126 —1| 6 7P —2
By (0,0) 45 1 1 1 0
PQ-breaking operators allowed by SO(10)® SU(3);
: : d=6
First PQ-breaking operator ® ( )
" Re (d=6)
_ {a) _ |k|VigViggsind r _
6'eff — fa —~ SﬂﬁfIgIA%CD T 1 (d g)
| : (@=9)
(d =12)

fo <3.0 x 10° GeV

49



A GUT + flavor solution  wivwic 2

Field | Lorentz SO(10) Z, |SU(3); Zs | U(l)pq Interesting feature of the model
. 1/2 D 16 i 9 e?lZ?r/?- 1
w% ..... 16 )/2 D 1 1 § e?ﬂélﬂ'f.?p D 1
(0, 0 1) 6 M2 Exotic flavored fermions
P16 (U,U) 16 i 3 g3 on
6 | (0,0) | 126 1| & 7P| -2 (anomalons)
Pys (0,0) 45 1 1 1 0

Use the same scalar vevs to break simultaneously SO(10)®U (1) po®SU(3) ¢
SU3); 2 SU2); “3° 1

51



A GUT + flavor solution  oivuzio 20

il || e GO 2 | 9UEl: iy Ul Interesting feature of the model
.. (1/2,0) 16 i 3 EE 1
w%,...,lﬁ b/gj D‘) 1 1 § eéél*rr/?. 0 1
0o 18 ez-jm _2 Exotic flavored fermions
P16 (0,0) 16 i 3 eidm/3 _1 |
bms | (0,00 | 126 —1| & &2 2 (anomalons)
o (0,0) 45 1 1 1 0

Use the same scalar vevs to break simultaneously SO(10)®U (1) po®SU(3) ¢

SU3); 2 SU2); “3° 1

L Dark Matter?

119160126 =mp Dark radiation?
Flavor puzzle?

==) massless ¢ =) they geta mass from

M,

Light exotic fermions could provide new testable dynamics directly related to the solution
of PQ quality problem and the flavor puzzle

52



Remarks

Solutions to the quality problem typically need new physics at high scale
(new gauge dynamics, GUT, flavor,...)

!

How can we test/differentiate the possible models?

!

We should prefer models with characteristic low-energy signatures
ond/or

which can explain additional problems (e.g SM flavor structure, Dark Matter)

m) exotic flavored fermions/gauge bosons, Dark Matter from gauge confinement,...

54



Idea similar to
[Di Luzio, Ubaldi and
Nardi "17] g :
Field | Lorentz Gauge symmetries
name | spin | U(l)y SU(2), SU(3),
0 0 1 1
Qr 1/2 +Yo 1 3
Or 1/2 —Yo 1 3
2 12 | +Y, 1 1
L2 12 | =Y, 1 1

The symmetric model

Teresi, Wang "20]

Global accidental symmetries
UM [UDra | Ue V(L.

0 0
+1/2 +1 0
+1/2 —1 0
—1/2 0 +1
—1/2 0 —1

New dark SU(N) gauge group

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

Accidental U(1) global symmetry at the renormalizable level

* 1t also works for the anti-symmetric representation

Vi(Tr[STS], Tr[STSSTS])

55

[Ardu, Di Luzio, GL, Strumia,



The symmetric model

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

New colored fermions Q;, r provide the QCD anomaly

!

U(1) is a Peccel-Quinn symmetry

Extra color-singlet fermions £, r cancel gauge anomalies

56



The symmetric model

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

S 0 1 1 NN +1 0 0

Qr 1/2 1 3 N +1/2 +1 0

Or 1/2 1 3 N +1/2 —1 0
L7 1/2 1 1 N —1/2 0 +1
L2 1/2 1 1 N —1/2 0 —1

New colored fermions Q;, r provide the QCD anomaly

!

U(1) is a Peccel-Quinn symmetry

The new fermions have EW charge Yo + Y, # 0
different from [Di Luzio, Ubaldi and Nardi "17] 57



The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3)., SUW) U(l)pg 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

Or 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

Parity reflection in SU(N) group space S;; — (—1)%%915 S,

SU(N) gauge structure

!

Additional accidental Z» symmetry

Q; — (—1)Q;

(details in backup slides)
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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)pg 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

Or 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

Gauge Invariance forbids PQ-breaking operators below dimension N

l PQ-breaking
/(i'eﬁti x Eil""iNEjl""jNSiljl ---SiNjN
Uuv

High-Quality if N > 10

59



The symmetric model

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3)., SUW) U(l)pg 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

Qpn 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

Gauge Invariance forbids PQ-breaking operators below dimension N

l PQ-breaking
Eeﬁt_‘%‘l x Eil""iNEjl""jNSiljl ---S’IleN
Uuv

Interestingly, this protects at the same time the 7, symmetry



Decay of colored relics

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3)., SUW) U(l)pg 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

Qpn 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

EW charges allow the decay of heavy colored fermions in the Early Universe

Gauge Invariance allows dimension-6 operators

(qrQ)(erL)  (qrQ)(¢RL)
if Yo+Ve={-1/32/3,—4/3}

4/5
Decays before BBN:  f, > -=1/ & (/]}/},g) « 10 QeV

61



Decay of colored relics

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

S 0 0 1 1 NN +1 0 0

Q; 1/2 +Y5 1 3 N +1/2 +1 0

Qpn 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

EW charges allow the decay of heavy colored fermions in the Early Universe

Gauge Invariance allows dimension-6 operators

(qrQ)(erL)  (qrQ)(¢RL)
if Yo+Ve={-1/32/3,—4/3}

Post-inflationary PQ-breaking is viable!

62



Gauge dynamics and Dark Matter

S(@) = (VN2fa+--- ) e/ hs SU(N)®U(1)pq Iy SO(N) (Z s preserved)

SO(N) dynamics confines at lower energy

Gauge coupling running

Aso =~ fq exp| 11<N_§§“aDc(fa )]

Confinement

2 energy scales in the model

—> | Aso K fq

Asymptotic states must be SO(N) gauge singlets 63



Gauge dynamics and Dark Matter

SU(N)®@ U(1)pq f—> SO(N) (7 1s preserved)
Asymptotic states must be SO(N) gauge singlets

1. Axions (cosm. stable)
2. Gauge bound states even under Z, (unstable)
3. Gauge bound states odd under Z, (cosm. stable)

—> Mpg ~ Ago ~ 1089 GeV

Dark Matter is made by axion and/or heavy gauge bound states

axions Gauge bound states o>



Dark Matter

PQ broken before inflation PQ broken after mflation
10[ [ 1010 ——r , -
r .
Qpu/ < 0.11
% | DA 3 2 10 E Qpyh® > 0.11
(@) =
<100 2 Z z
0 - 0-ball DM < <
B DT T = 10%F =
2 E g | 3
g | s |3
= L] =
% [ s 107t 2 =
LI : E
S 10 r Qpyh* > 0.11 -g ‘E
© ' =
£ : c 10°p S
L
g x
| Tiu = 107 GeV
9 o IHHHIO o “”mll I. """'1 | lﬂj
10 10 10 10 10! 1012
PQ scale f, in GeV

PQ scale f; in GeV

66



Dark condensation scale Agg in GeV

Dark Matter

PQ broken before inflation PQ broken after inflation
WO e e I

g A

New (strongly-coupled) dynamics at A < f,

10 Dark Matter i1s a mix of axions and bound states |

L, cosmological interplay?

10 A is still too large for observable signatures
L Can we lower this scale?
N
[ Ty = 107 GeV l = ....__'l
10° 1010 101! 1012 10—, o2

PQ seale 1, 1 GeV PQ scale f; in GeV

67



Conclusions

The Peccel-Quinn solution has a problem of UV sensitivity

'

New gauge symmetry can protect from Peccei-Quinn breaking

1

We should systematically investigate directions which provide
characteristic features and signatures

axion-flavor connection, Dark Matter, GUT, light flavoured
particles, new dynamics at low scale, ...

68



Backup slides



SU(N) reminder (1)

SU(N) gauge group

1 Representations

Fundamental (V) Q; — Uf 0¥

Anti-fundamental (V) lb? — U ; W

Symmetric (NN) Si;j — Uijl-Skl

ij = 1,00

71



SU(N) reminder (2)

SU(N) gauge group

Symmetric (55

ot = 87 i (¢*)

1 Invariant tensors

Antisymmetric  €;. ...,

1 Gauge Invariant operators

€N¢N — €, ,iN¢i1 T qb’iN

72



N-ality rule (1)

What are the dangerous operators?

' N

Gauge-invariant PQ breaking

J o
03 | €iyin



N-ality rule (1)

What are the dangerous operators?

' N

Gauge-invariant PQ breaking
55 , €iin 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)pg 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

Or 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

PQ[S;]=1x2=1 PQQ]=3ix1=L  PQL]=21x(-1)=-3

75



N-ality rule (3)

What are the dangerous operators?

' N

Gauge-invariant PQ breaking
55 , €iin l

PQ breaking = N-ality breaking <= PQ charge is proportional to N-ality

Hen — #YUT #£0 PQ[q){J}] x #en — #13
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N-ality rule (3)

What are the dangerous operators?

' N

Gauge-invariant PQ breaking
55 , €iin l
PQ breaking = N-ality breaking <= PQ charge is proportional to N-ality

Hen — #YUT #£0 PQ[q){J}] x #en — #13

Operators with indices contracted with & tensors only can not break PQ
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N-ality rule (3)

What are the dangerous operators?

' N

Gauge-invariant PQ breaking
55 , €iin 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 at least one €:,---ix tensor
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(1) Solving the quality problem

What are the dangerous operators?

' N

Gauge-invariant PQ breaking

L owest dimensional

_ N N —4
has dimension N > detS = enens /AUV

If N Is large enough the PQ quality problem is solved!
N > 12 for f, ~10" GeV

Gauge Invariance forbids PQ breaking below dimension N
and allows for arbitrary high protection 79



Decay of colored relics

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3)., SUW) U(l)pg 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

Qpn 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

EW charges allow the decay of heavy colored fermions in the Early Universe

Lowe = y0Q1STQr + 9y LLSLY, + hec.

Fermion number symmetries

U(1)og @ U(1),
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Decay of colored relics

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3)., SUW) U(l)pg 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

Qpn 1/2 —Yo 1 3 N +1/2 —1 0
2 12 | +Y, 1 1 N —1/2 0 +1
L2 12 | =Y, 1 1 N —1/2 0 —1

EW charges allow the decay of heavy colored fermions in the Early Universe

Fermion number symmetries

Ul)e@U(1)c—=U(l)o-¢

Broken by dimension-6 operators
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FQ’:

Decay of colored relics

Gauge Invariance allows dimension-6 operators

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

If YoxY,=1{-1/3,2/3,-4/3}

We assume that mo > m,g  (mo.r =vo.rfa)

We require that decays of colored fermions occur before BBN

1 mo Mp, 1 10 { A 11
13 sec (2><1011 GeV) (AUV) fa > 55\ & (A/}?j) x 10°% GeV
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Parameter space

Solution to the quality problem
Colored relics decay before BBN

Ja >

1

Auv

Yo

/e

Mp

4/5
) x 1011 GeV

Number of dark colors N

SUN) - SON)
24

22

20

1 ~ " J0J INQ [ Sa>eur Uoixe -
“

18

Bad—quality PQ
16

14

12

10
10® 101° 1012 10 10t

PQ scale f; in GeV
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Parameter space

SUN) - SON)

« Solution to the quality problem ]
 Colored relics decay before BBN : .
Z = b
1 10 { Auv 4/5 1011 GeV E Bad—quality PQ
fa > Yo N Mp A C CE
E
The bound only apply if PQ is broken after “
Inflation
0° 100 102 1% 10

If PQ Is broken before the colored relics are |
diluted by inflation! mg ~ f, PQ scale f, in GeV



Parameter space

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

Fast decays of colored relics allow
to enlarge the parameter space to
the post-inflationary scenario

Number of dark colors N

SUN) - SON)

24

22
RS

N

20

T ~ " 10§ INC] [[© SOeu UOIXE |

18

Bad—quality PQ
16

14

12

10
10® 101° 1012 10 10t

PQ scale f; in GeV
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Parameter space

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

d 2 4
dlgi2 — (423)2 (_7‘|' %N)

dgi _ gi (41 |, 12N (2 2
dlgiﬂ - (411)2 (10 + T(YE +YQ))

B> mg,me

Number of dark colors N

SUN) - SON)
24

22

20

1 ~ " J0J INQ [ Sa>eur Uoixe -
“

18

Bad—quality PQ
16

14

12

10
10® 101° 1012 10 10t

PQ scale f; in GeV
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Parameter space

SUN) - SON)
24

Solution to the quality problem
Colored relics decay before BBN 22

X
No Landau Poles below the cut-off scale

20

T ~ " 10§ INC] [[© SOeu UOIXE |

18

Bad—quality PQ
16

Number of dark colors N

14

We need N> 12 if Ayyv = Mp 12

10
10® 101° 1012 10 10t

PQ scale f; in GeV




Parameter space

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

We need N> 12 if Ayyv = Mp
Larger values of N if the cut-off is lower

Number of dark colors N

SU(N) = SO(N)

24
22

20¢

1= g 10l NGl [ SR UOTXER |

18|

16}

14}

12}

10!

108 1010 1012 10t 10t®

PQ scale f; in GeV
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Group parity

Renormalizable SU(N) / SO(N) theories are invariant under a discrete symmetry

Sij N (_1)5172"‘513'8?:], Aij N (_1)51¢+51inj Q% N (_1)517; Qz
\

indices in group space

Reflection in group space along an arbitrary direction

Ex: rQl Y A — An
<Q-—>Q- A = —Ayj
~ J Af,;j — .Aij

Similar to parity but in group space (instead of space-time)

89



Group parity

Renormalizable SU(N) / SO(N) theories are invariant under a discrete symmetry

Sij N (_1)5172"‘513'8?:], Aij N (_1)51¢+51inj Q% N (_1)517; Qz

Reflection in group space along an arbitrary direction

The symmetry Is broken by operators of dimension (at least) N

l

High protection for large N (similar to PQ)
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Group parity

Renormalizable SU(N) / SO(N) theories are invariant under a discrete symmetry

Sij RN (_1)517;-|-51j8ij Aij N (_1)51¢+51inj Q, — ( )51@ Q,

Reflection in group space along an arbitrary direction

We can build SO(N) singlets which are odd under group-parity

SO(N) gauge boson
EX: ENAN/Q = €4q.- zNAzlzg " AiN_liN'

Iltacts asa Z, symmetry : ex ANV/2_s _ e AN/2
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Stable states

The lightest bound states odd under group-parity are stable

stable state
if Nisodd | ey AWN-D/22
if N is even en AN/?

The typical massis Mps ~ Aso
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Production of composite DM

2 2
Mpg =~ N =~ 10° GeV Iomih ~ Ms if thermally produced
| 0.12 100 TeV

The model provides 2 efficient suppression mechanisms!

' 4

Confinement after reheating Confinement before reheating
BS are in thermal equilibrium Freeze-in production of BS is
Period of early matter domination exponentially suppressed as
(SO(N) glueballs) o—Mps /Tr

Late glueballs decay —» entropy injection

== huge dilution of BS abundance
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Dark Matter

PQ broken after inflation
101 ——
if axions are all DM ~
11 & ol Z Qpumh® > 0.11

Oy = 2.2 =P f, ~2x10"" GeV g 100 2
3 5
S =

L 21
: : g 10 g
Long-lived glueballs dilute the stable bound states = 2
=] 177
k= 71 .2
2100
if BS are all DM .= 2
Qppih’ o Mgs o - L
012 (100 Tov ) *Ppe == Mps =~ 10° GeV g 105} é

Dpa ~ vI'paMpi/Aso 10°

1[]11 lﬂl?

PQ scale f; in GeV
94



Dark Matter

PQ broken before inflation

1010 T

%9)

> L
(0] Loy
O
=
(@]

(@) =}

% =
< o |
o 197} o_pallDM = =
® Sy T T >
Z : =
= =
g ]
3= =
b M
< =
o 108 ' 22
a E QDMII_ >0.11 ]
o r ]
Q
4

4]
A
[ Tpy = 107 GeV
10° 1010 101! 1012

PQ scale f, in GeV

The axion abundance depends on initial condition

| ifaxionsare all DM sl f ~ 9112/7 x 1011 GeV

Bound states are produced by freeze-in

if BS are all DM
YBg e~ 2Mps/TRH  weslpp  Mpg ~ 10° GeV
TRH — 107 GeV
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Axion production

O + ?)Héeﬂ-‘ + mg (T)Qeﬂf =0

-

H o T?/Mp,

~

ma(T) ~ ma(T./T)

T,
-

~ 160 MeV

%
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Misalignment angle 6

Axion production

—_—
I I I

o
T T T T

Pa (T)/pCDM

1n

fa

2x1011 GeV

O + ?)Héeff + mz (T)@eff =0

/

H o T?/Mp,

-

ma(T) ~ ma(T./T)
T. ~ 160 MeV

~

)

)7/6
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SO(N) Glue-balls

4 N\ o g
TrlGuw " 100000, ——
2 2 9
— ~ 2Dc¥3Mpg
Mpa = O(1) x Aso ol | o I'DG—gg = —2%
gpc = N(N —1)
\_ / -
G Q g
g 0 )
10101010105 D
2 M2 m
T ~ 2DcC DG( Q,c)
0 J DG—aa mSQ’ﬁ A7 fa
— e
G < " ’
\QQQQ0, Q
a
18—7N)?af o M2
Q4 ; G saa = ¢ 512733M24(3‘-’§ e
‘00000" Q “
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e-balls

SO(N) Glu

4 N .
Q
TrlGuw " 100000, ——
T ~ (T2 M2 /Aan)1/3
Mpg = O(l) X Nso 0 . decay ( DG Pl/ SO)
= N(N -1 | 1
ngG ( ) / N T}l{H ~ Tdecay(ASO/Tdecay)l/4
G Q g
¢ Q
00000 e
3 5 2/37 —3/4
Q I _ [ Tdecay _ gDG Aso
' Poc = ( Tan ) o [1 T gsm (FDGMpl) ]
G © ’ ’
Q a
Q s
I Dpa ~ vI'paMpi/Aso
‘00000Y Q ¢
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Axion photon coupling

l':'b';errlC.a'-i"y s = 2 2
‘E’Eff — Waf: F#p._, Cﬂ"y — G(Yg — Yﬁ) — 1.92(4)
d
model dependent model independent
U(1)po U(1)3 To — A mixin
Y, = 0 is needed to avoid charged relics ( )PQ ( )y 0 S
Yo = {2*_;’_4} is required to allow Q decays
e ﬂ%ii?j'
ing
1[}5 T TTTI T T T IE = é?ﬂ
10* Neutm'h
103 stars |

.
e
1

G 10° FEABRACADABRA |
E 101 ng—‘l)"3 1

b

i
e

Yo = —1!3 _____
100 F—= —
Yo 278 B N A S Plasma®, | :
101 haloscope™fuy! | LAMPOST
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 L-FT
10 10*% 107 10° 10° 10* 1073 102 10! 10°

Axion mass m; ineV
100



Dark condensation scale Asp in GeV

Scalar in antisymmetric of SU(N)

Same 1dea but SU(N) is broken to Sp(N)
PQ is broken by dimension N/2 operator ¢xrS™V /2
DM: axions (+ mesons LynvL )

PQ broken before inflation PQ broken after inflation
10% 1010
W
: §
10° Opah? <0.11 = 10°} E
anl
Al = 4 5
g ?\' v 2 "E
10° = = 10°f 2
2 PE
g o -
10’ -= % 10} .8
L
E
g B
6 8 .6l &
10 o 10°r =2
& S
10° 10°
10° 10'° 101 10%2 10t 10*2

PQ scale f; in GeV PQ scale f; in GeV 101



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

Lo =Y0QrSTQr + 9% LLSL, + h.c.

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

Qrr) — €7 Qr (g Lrr) — e TPLL R

V(S) = METr [STS|+AsTr [(STS)?|+NsTr [STSSTS| - Aus(H H)Tr |STS]
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Lagrangian and symmetries
L = Lsm + Lyin + Lyuk — V(S)

Lo =Y0QrSTQr + 9% LLSL, + h.c.

U(1)o if Y, =0 7y
No distinction between L and R

Qrry = 7" Qu(r) R,

V(S) = METr [STS|+AsTr [(STS)?|+NsTr [STSSTS| - Aus(H H)Tr |STS]
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Spectrum

S : b | =byb 1o
S=||lw+ ) diag(1,...,1) + (s +ia )T ea| vV
(o) el 1+ 6 T

o N(N —1)/2 massless vectors A” in the adjoint of SO(N).

e N(N +1)/2—1 vectors W’ in the traceless symmetric of SO(A), that acquire a squared
mass Mj, = 4g°w® eating the Goldstone bosons a”.

The massless scalar a, singlet under SO(N). In view of its QCD anomalies it can be

called axion and its decay constant will be f, = w/\/N /2.

the scalar s, singlet under SO(N). If symmetry breaking arises through the Coleman-
Weinberg mechanism it is light with squared mass M? = 6(N Ag + \5)w®.

N(N +1)/2 — 1 scalars §” with squared mass M2 = 2(N g + 3\5)w”.

One colored Dirac quark ¥, = (Qy, QR)T with mass Mg = yow m the fundamental
representation of SO(N) charged under the accidental global U(1),.

Three Dirac leptons ¥ = (L5, £5)7 with masses M o= yrw in the fundamental of
SO(N) charged under the accidental global U(1) if Yz # 0. If Y; = 0 one instead
gets six Majorana leptons "Ifi; = (ﬁi, Ifi)T with masses M. = yiu.r in the fundamental of

SO(N) which transform as U}, — —¥% under the accidental Z, symmetry.



Spectrum

G
J"'!LSD ~ fa exp [_11[:N— Q)QDC(fa)]

e If \ is even the lightest baryon is the 0-ball € NA‘W 2 made of SO gluons only, stable thanks
to U-parity (see e.g. [18]). On the other hand, the lighter baryons containing fermions

v ANTD200, AN 2rL, AN (35)
can decay respecting U-parity into the 0-ball plus the corresponding lighter mesons QO,

LL, QL. Such mesons are stable in the limit of exact U(1)g . symmetries.

e If A is odd the lightest baryons contain one fermion (and thereby dubbed 1-ball)

.
&

ey AN V2o AN 2 (36)

are stable if the fermion Q and/or L is stable.



Stable states

Protected by U-parity or/and global U(1)

itY,#0 itY,=0
it Nisodd | eyA"N 22 and £ ey ANV2L
if N is even ENAN’/E and LL ENAWE

To avoid charged relics we only consider
Y, =0

With this choice the global U(1) is replaced by
Z2 L — =L
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Dark Matter

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

Fields Particles Macroscopic objects
Ulira-light _ ¥ thermal
scalars : v % relies PEHs

ke 10" 107
¢ seale Solar mass

10%

Hubble f p— weak scale Pl:
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Dark Matter

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

Fields Particles Macroscopic objects

Ultra—light
scalars

3 thermal
= rehes PBHs

kg 10%°

Hubble . weak scale Planck scale Solar mass

Axions are excellent ultra-light DM candidates

—p  production: vacuum misalignment mechanism
fo =101 GeV
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Dark Matter

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

Fields Particles Macroscopic objects
Ulira—light :

kg 10%°

Hubble . weak scale Planck scale Solar mass

Axions are excellent ultra-light DM candidates
—p  production: vacuum misalignment mechanism
fo =101 GeV
Axion are DM.. .but there are other stable states which contribute!
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Dark Matter

Fields Particles Macroscopic objects
Ultra—light '

axions Gauge bound states

Dark Matter Is either dominated by one state (single-component)
or a mixture of the two (multi-component)
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