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Motivation — Peccei-Quinn and axions

m Strong CP problem:
— Standard Model (SM) allows the term

Lo ;‘—;éewéﬂ"; 0 = 0 + arg det M, (1)

— Bound from neutron EDM: . Why is @ so small?
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Motivation — Peccei-Quinn and axions

m Strong CP problem:
— Standard Model (SM) allows the term

Lo ;i;éc:wéﬂ"; 0 = 0 + arg det M, (1)

— Bound from neutron EDM: . Why is @ so small?

m Axion solution: via Peccei-Quinn (PQ)
(1) Implement a global U(1)pq anomalous under QCD
(2) Break U(1)pq: low energy theory has a Goldstone boson a — the axion

Lo g‘—;(é + Na/fa) GG (2)

(3) Axion potential V, and mass m,, generated by QCD instantons.
V,(a) minimum: 6+ N{a)/f, =0,

(4) Hence and strong CP is conserved.

Vasja Susi¢ (LNF, INFN)

mafa = mﬂ‘fﬁ (3)
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Vertical and horizontal gauge symmetry for a high-quality axion
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Motivation — PQ quality and model building

= PQ quality:
— U(1)pq is a global symmetry, thus not fundamental
— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)
— contribution to axion potential V,: shift in vacuum (a) = shift in O
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Motivation — PQ quality and model building

= PQ quality:

— U(1)pq is a global symmetry, thus not fundamental

— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)

— contribution to axion potential V,: shift in vacuum (a) = shift in O
m Goal for model building:

— U(1)pq: accidental at renormalizable level (not imposed)
— high quality PQ: O < 1071° from P& operators
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Motivation — PQ quality and model building

= PQ quality:
— U(1)pq is a global symmetry, thus not fundamental
— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)
— contribution to axion potential V,: shift in vacuum (a) = shift in O

m Goal for model building:
— U(1)pq: accidental at renormalizable level (not imposed)
— high quality PQ: Oeir < 10710 from P& operators

m This talk: PQ quality from vertical and horizontal symmetry

— More strongly connected to SM than adding unrelated symmetry
— Vertical and horizontal symmetry for Yukawa sector: Berezhiani
— Vertical for quality: Vecchi , Babu+

— Horizontal for quality: Darmé+
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Motivation — PQ quality and model building

= PQ quality:

— U(1)pq is a global symmetry, thus not fundamental

— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)

— contribution to axion potential V,: shift in vacuum (a) = shift in O
m Goal for model building:

— U(1)pq: accidental at renormalizable level (not imposed)

— high quality PQ: O < 1071° from P& operators
m This talk: PQ quality from vertical and horizontal symmetry

— Our model [5]: SU(4)ps x SU(2), x SU(2)g x SU(3)/,
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= PQ quality:

— U(1)pq is a global symmetry, thus not fundamental

— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)

— contribution to axion potential V,: shift in vacuum (a) = shift in O
m Goal for model building:

— U(1)pq: accidental at renormalizable level (not imposed)

— high quality PQ: O < 1071° from P& operators
m This talk: PQ quality from vertical and horizontal symmetry

— Our model [5]: SU(4)ps x SU(2), x SU(2)g x SU(3)/,

— Inspired by SO(10) x SU(3)¢ from Di Luzio

— Pati-Salam (PS) easier to work out details; only R-flavor gauged
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Motivation — PQ quality and model building

= PQ quality:
— U(1)pq is a global symmetry, thus not fundamental
— P non-renormalizable O from e.g. gravity (Mpjanck Suppressed)
— contribution to axion potential V,: shift in vacuum (a) = shift in O

m Goal for model building:
— U(1)pq: accidental at renormalizable level (not imposed)
— high quality PQ: O < 1071° from P& operators
m This talk: PQ quality from vertical and horizontal symmetry
— Our model [5]: SU(4)ps x SU(2), x SU(2)g x SU(3)/,
— Inspired by SO(10) x SU(3)¢ from Di Luzio
— Pati-Salam (PS) easier to work out details; only R-flavor gauged
— Interesting features: anomalons, quality mechanism can be probed ...
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q. (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
NG (0,1/2) (1,1,1,3) 8 +2
i) (0,0) (1,2,2,3) Ngp>1 +2
) (0,0) (15,2,2,3) Ng >2 +2
A (0,0) (10,1,3,6) 1 +2
X (0,0) (4,1,2,3) 1 ~1
13 (0,0) (15,1,3,1) 1 0

m Not much freedom in choice of irreps for a realistic model. ..
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

- Q; (0,1/2) (4,2,1,1) 3 +3
— Qr (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
o (0,0) (1,2,2,3) N >1 +2
) (0,0) (15,2,2,3) Ng>2 +2
A (0,0) (10,1, 3,6) 1 +2
X (0,0) (4,1,2,3) 1 —1
13 (0,0) (15,1,3,1) 1 0

m Fermions: 75 and (O contain SM fermions and v (standard in PS)

— only Qg transforms under gauged flavor, Q); in 3 copies
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

m Anomalons W: _, Needed to cancel anomalies due to SU(3) s factor
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Field Lorentz Gps x SU(3);.  copies U(1l)pq
@L (07 1/2) (Zlv 27 17 1) 3 +3
QR (07 1/2) (4717273) 1 +1
v (0,1/2) (1,1,1,3) 8 +2
@ (070) (172)27§’> No 21 +2
) (0,0) (15,2,2,3) Ny >2 +2
A (0,0) (10,1,3,6) 1 +2
X (070) (4717273) 1 -1
¢ (0,0 (15,1,3,1) 1 0

— They are SM singlets
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q; (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
- & (0,0) (1,2,2,3) N >1 +2
- X (0,0) (15,2,2,3) Ny >2 +2
A (0,0) (10,1, 3,6) 1 +2
X (0,0) (4,1,2,3) 1 ~1
13 (0,0) (15,1,3,1) 1 0

m Scalars with EW VEVs ® and X: contain SM Higgs

— terms Q; Qr ® and Q; Qr Y for realistic Yukawa sector
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q; (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
P (0,0) (1,2,2,3) N >1 +2
by (0,0) (15,2,2,3) Ny >2 +2
- A (0,0) (10,1, 3,6) 1 +2
X (0,0) (4,1,2,3) 1 ~1
13 (0,0) (15,1,3,1) 1 0

m Scalar A: 5 for » Majorana mass term Q; Qi A*
— involved in PS and flavor breaking

3/12 Vasja Susi¢ (LNF, INFN) Vertical and horizontal gauge symmetry for a high-quality axion



Finanziato Ministero
dall'Unione europea II'Universita
NextGenerationEU e della Ricerca

Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q; (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
P (0,0) (1,2,2,3) N >1 +2
by (0,0) (15,2,2,3) Ny >2 +2
A (0,0) (10,1, 3,6) 1 +2
-y (0,0) (4,1,2,3) 1 ~1
13 (0,0) (15,1,3,1) 1 0

m Scalar x:  — helps A with PS and flavor braking
— to break PQ and rank of PS: need A and y both
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q; (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
P (0,0) (1,2,2,3) N >1 +2
by (0,0) (15,2,2,3) Ny >2 +2
A (0,0) (10,1, 3,6) 1 +2
X (0,0) (4,1,2,3) 1 ~1
- ¢ (0,0) (15,1,3,1) 1 0

m Scalar & - needed for accidental PQ to arise
— connects A and Y in scalar potential: Ay2¢
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Q; (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
U (0,1/2) (1,1,1,3) 8 +2
P (0,0) (1,2,2,3) N >1 +2
by (0,0) (15,2,2,3) Ny >2 +2
A (0,0) (10,1, 3,6) 1 +2
X (0,0) (4,1,2,3) 1 ~1
3 (0,0) (15,1,3,1) 1 0

m PQ accidental in
Ve = 05+ @8 (IS + |AP + x> 4+ €%) + 5*(@* + A%) + Ax*¢ + he.
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Constructing the model

m Field content: Gps = SU(4)ps x SU(2)1, x SU(2)r

Field Lorentz Gps x SU(3);.  copies U(1l)pq

Qr  (0,1/2) (4,2,1,1) 3 +3
Qr  (0,1/2) (4,1,2,3) 1 +1
v (0,1/2) (1,1,1,3) 8 +2
¢ (070) (1727273) N<I> > 1 +2
2 (0,0) (15,2,2,3) Ng >2 +2
A (0,0) (10,1,3,6) 1 +2
X (0’0) (4717273) 1 —1
¢ (0,0) (15,1,3,1) 1 0
m Breaking: Gps x SU(3);, =2 Gov 22 SU(3)0 x U(1)em
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PQ quality — part 1

m Quality check: find dominant P€ non-renormalizable invariants
contributing to the vacuum
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PQ quality — part 1

m Quality check: find dominant P€ non-renormalizable invariants
contributing to the vacuum

m Procedure for finding invariant operators O:
(0) Go through all possible field powers for a given dimension d of O

(1) Necessary condition: trivial under gauge center Zy X Zo X Zy X Zs
(2) Automatized confirmation (GroupMath , LieART , LiE )
(3) Explicit index contraction for confirming vacuum contribution (O) # 0
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PQ quality — part 1

m Quality check: find dominant P€ non-renormalizable invariants
contributing to the vacuum

m Procedure for finding invariant operators O:
(0) Go through all possible field powers for a given dimension d of O

(1) Necessary condition: trivial under gauge center Zy X Zo X Zy X Zs
(2) Automatized confirmation (GroupMath [14], LieART , LiE [17])

(3) Explicit index contraction for confirming vacuum contribution (O) # 0

= VEVs:
(@), (%) ~v ~10°GeV  (EW VEVs), (4)
(A), (), () =Va,Vy, Ve ~V (PS VEVs), (5)
A = Mpjanek ~10Y GeV  (cutoff) (6)
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PQ quality — part 2
m High-quality condition: small shift in QCD-generated axion potential

(0) < éx‘éCD = é%miﬁ ~ 10710 (76 MeV)4. (7)

m
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PQ quality — part 2

m High-quality condition: small shift in QCD-generated axion potential
(0) < éx‘éCD = é%miﬁ ~ 10710 (76 MeV)4. (7)

m

m Dominant P& contributions:
o (0)
A4 A* X*G Vll/A7
@2—1@ Zk A2 X*4 UZVG/A4 I
(1)4—k Zk A X*2 ,U4v3/A3
q)4—k Zk 22 ’1)6/A2
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PQ quality — part 2

m High-quality condition: small shift in QCD-generated axion potential

(O)SOxgep = 0y

(mu+mg
m Dominant P& contributions:
o (0)

A4 A* X*G Vll/A7
@2716 Ek A2 X*4 UQVG/A4 I

=
Pi—k pk A)(*? viV3 /A3 <
(I)4—k: Zk 22 ' ,U6/A2 EE
=S
—
m Axion decay constant f,:
Vi Va
fo= 7 (8
@ 3y/V2ravy (8)

m Constraints: quality and astro

mmafr = 10710 (76 MeV)!. (7)
11.0p PQ quality problfe/m*
lbesel > 1072

10.5¢ .

10.0

9.5¢

i /. = 108 GeV ]
S

8.5 2 ’»,/jq_ 4

{37 Astrophysics =y o
8.0 : : : : : L
80 85 9.0 95 10.0 105 11.0

Log,[Va/GeV]
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m High-quality condition: small shift in QCD-generated axion potential

(0) < Oxdeo

My, My

m Dominant P& contributions:

o (0)

A4 A* X*G Vll/A7

B2k Nk A2 X*4 U2v6/A4 [ %

(1)4—k Ek A X*2 ,U4v3/A3 %

(I)4—k: Zk 22 ,U6/A2 :%
s}
—

m Window for VA =V, =V:

V € [1.5,3.7] x 10°GeV (8)

(larger V' degrades quality, but possible)
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0 ety m? 2~ 10710 (76 MeV)*,

(7)

11.0p PQ quality problfe/m*
lfegel > 107

10.5¢ 2 1
10.0

9.5¢

90¢ /. = 108 GeV ]

S
85 2 - ’/57.) b
{37 Astrophysics =y o
8.0k . : ! ! ! A
80 85 9.0 95 10.0 105 11.0

Log,[Va/GeV]

Vertical and horizontal gauge symmetry for a high-quality axion
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Axion properties

m Axion a: (mostly) a combination of polar modes in A and y

m Couplings to photons and gluons:

aEME a ~ OésN a ~
— — FF — .
LD P + T GG (9)
m This model: E =16, N =6, hence |E/N=8/3| (DFSZ-like )
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Axion properties

m Axion a: (mostly) a combination of polar modes in A and y

m Couplings to photons and gluons:
aEME a OésN a

EDTEFF—F . EGG (9)

m This model: E =16, N =6, hence |E/N=8/3| (DFSZ-like )

m Mass range: high-quality PQ vs accidental PQ scenario

10°
10°e Neut
E eutron —
10° E stars - . .
— 10°F 5 high-quality:
S 10 g
= 10 E E/N=8/3 >
e mg 2 10 meV
102 i o Accidental PQ (pre-infl) » Accidental PQ (post-infl) # High quality
po-3E i e v v e e i
107 10°% 107 10° 10° 10*% 10° 102 10" 10°

m, [eV]
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Yukawa sector — up, down, charged leptons

m Renormalizable operators for U D E' sectors:

No 3 Ns 3
Ly D Z ZYI "QLQr @ + Z 22\/53/12& Q.'Qr ™ (10)

a=1]=1 a=1I=1

— Indices: I [family], A [gauged R-flavor|, o [multiplicity]

7/12 Vasja Susi¢ (LNF, INFN) Vertical and horizontal gauge symmetry for a high-quality axion



Finanziato Ministero
dall'Unione europea ell'Universita
NextGenerationEU della Ricerca

Yukawa sector — up, down, charged leptons

m Renormalizable operators for U D E' sectors:

No 3 Ns 3
Ly D Z ZYI "QL.Qr o+ Z 22\/53/12& Q.'Qr x> (10)

a=1]=1 a=1I=1

— Indices: I [family], A [gauged R-flavor|, o [multiplicity]

Ng > 1, Ny > 2‘ is realistic (based on DOF count, not fit)
[considering masses, CKM, PMNS]

(My)ra = Y2052 + YEou= + Y7oy, (11)
(Mp)ra = Y208 + Yol + v Uffxz , (12)
(Mg)ra = YE09® — 3y 0% — 3y7 0%, (13)
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Yukawa sector — up, down, charged leptons

m Renormalizable operators for U D E' sectors:

No 3 Ns 3
Ly D Z ZYI "Q. QR + Z 22\/53/12@ Q.'Qr x> (10)

a=1T=1 a=11=1

— Indices: I [family], A [gauged R-flavor], a [multiplicity]

Ng > 1, Ny > 2‘ is realistic (based on DOF count, not fit)
[considering masses, CKM, PMNS]

(My)ra=Y204% + YZ0u= + Y2 0, (11)
(Mp)ra=Y20% + Y7ol + Y7 vdE : (12)
(Mp)ra = Y204 — 3V 0% — 3Y1 ) (13)

m Unusual setup: — are vectors in family space (not matrices)
— EW VEVs are R-flavor vectors (not numbers)
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix

m Spectrum: (a) terms with W: only from non-renormalizable O
(b) number of ¥: 8 x [3] =24 in total
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix

m Spectrum: (a) terms with W: only from non-renormalizable O
(b) number of ¥: 8 x [3] =24 in total
(c) turns out: “heavy-light split” U =T, @ ¥,
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix

m Spectrum: (a) terms with W: only from non-renormalizable O
(b) number of ¥: 8 x [3] =24 in total

(c) turns out: “heavy-light split” U =T, @ ¥,

(d) Flavor basis: v, ®vp® VY, &V, (3+3+ 16+ 8)
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix

m Spectrum: (a) terms with W: only from non-renormalizable O
(b) number of ¥: 8 x [3] =24 in total

(c) turns out: “heavy-light split” U =T, @ ¥,

(d) Flavor basis: v, ®vp @V, & U (34+3+16+38)

(¢)

e) If mixing small: mass eigenstates denoted by L,R, 1,0
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix

m Spectrum: (a) terms with W: only from non-renormalizable O
b) number of U: 8 x [3] = 24 in total

c)
d)
)

(S

turns out: “heavy-light split” ¥V =V, ¢ ¥,
Flavor basis: 7, @vrp® UV, ¢ ¥y (3+ 3+ 16+ 8)

(
(
(
(e) If mixing small: mass eigenstates denoted by L,R, 1,0

m Dominant operators in every entry (schematically):

Qr Qr v vy
Q; A2+ 0T +X2) &+ X% X(®+X) AxH(@* +X%)
Qr ¢+ A* A*y A*2Ay
\DL X(‘D + E) A*X A*XZ (I)*Z + 2*2 + AA*QXZ
\po AX*(CI’* + E*) A*QAX q)*Q + 2*2 + AA*QXQ (I)*Q + 2*2 + AA*2X2
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Yukawa sector — neutrinos and anomalons

m Anomalons U are EW (and SM) singlets = v <> ¥ can mix
m Spectrum: (a) terms with W: only from non-renormalizable O
(b) number of ¥: 8 x [3] =24 in total
(c) turns out: “heavy-light split” U =T, @ ¥,
(d) Flavor basis: v, ®vp @V, & U (34+3+16+38)
(e) If mixing small: mass eigenstates denoted by L,R, 1,0

u I/-\I/ mass matl’iX: Spectrum in the neutrino-anomalon sector
2 >~ 2 o0& I
UA;/ yv l 'UTV l 1)‘/2 20 20
v 2 ~ V4 >< 15T
Moo — Viry T £ 10t
vl = V3 v?2 5 55 .
Az A tar 5 T
v? Ve =
Xt AT Sk 1.
| } } Il } }
— In upper-left 2 x 2: see-saw type I ’ LA 2o

logy(V/GeV)
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Anomalon cosmology (in high quality scenario)
m Anomalon mass < 1eV: m ~ 10meV, mg ~ 1 ueV

. 4/3
= Anomalons act as dark radiation: ANy; = 2 (1) / %
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Anomalon cosmology (in high quality scenario)

m Anomalon mass < 1eV: m ~ 10meV, mg ~ 1 ueV

=5

m Anomalons act as dark radiation: AN.g i o

m Freeze-out:
4/3

~1.13Ne (__106.75 _

24 gs(Tdecouple)

— If ever in thermal equilibrium: ANGH ~

— Excluded by Planck'18: AN < 0.285 (at 95% C.L.)

Vertical and horizontal gauge symmetry for a high-quality axion
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Anomalon cosmology (in high quality scenario)

m Anomalon mass < 1eV: m ~ 10meV, mg ~ 1 ueV

. 4/3
m Anomalons act as dark radiation: AN.g = % (1) / %

m Freeze-out:

4/3
— If ever in thermal equilibrium: AN ~ 1.13 % (%)
s ecouple

— Excluded by Planck'18: AN < 0.285 (at 95% C.L.)
m Freeze-in: production of anomalons via. ..

_ W —
(i) Annihilation of SM fermions mediated by Wy.: ff 7 Ty
(i) Conversion of v, via mixing 0,4: eTe™ — vy — 75U,
(iii) (generalized) Yukawa interaction: vy Wh, UWUh, v, Whh, TU¢, etc.

processes: ff LN v, o - WU, p¢p — WU, etc.
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Anomalon cosmology (in high quality scenario)

m Anomalon mass < 1eV: m ~ 10meV, mg ~ 1 ueV

m Anomalons act as dark radiation: AN.g % (2)4/3 ’;‘f
m Freeze-out:

4/3
— If ever in thermal equilibrium: ANH! ~1.13 0¥ (%)

9s (Tdecouple

— Excluded by Planck'18: AN < 0.285 (at 95% C.L.)
m Freeze-in: production of anomalons via. ..
(i) Annihilation of SM fermions mediated by Wy,: ff M R
(it) Conversion of vy, via mixing O,4: eTe™ — vy — 5,

(iii) (generalized) Yukawa interaction: v, Wh, WWh, v, Whh, UWo, etc.
processes: ff LN v, o - WU, p¢p — WU, etc.

m Challenge: large enough relic abundance for measurable A Ngg, but no
thermalization — only (ii) may be viable, requires dedicated analysis
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Conclusions

(A) Quality from vertical and horizontal symmetry:
PQ-breaking scale <> flavor and PS breaking scale

(B) Technically challenging to check PQ quality

(C) Presence of anomalons (fermions): they mix with neutrinos

— UV dynamics of PQ quality potentially testable (e.g. AN,yf)

(D) However, also some drawbacks (not discussed):
domain walls, perturbativity
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Conclusions

(A) Quality from vertical and horizontal symmetry:
PQ-breaking scale <> flavor and PS breaking scale

(B) Technically challenging to check PQ quality

(C) Presence of anomalons (fermions): they mix with neutrinos

— UV dynamics of PQ quality potentially testable (e.g. AN,yf)

(D) However, also some drawbacks (not discussed):
domain walls, perturbativity

Thank you for your attention!
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