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Motivations
Accidental (Emerging) Symmetries of the SM
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Proton decay can occur through B-violating dim-6 operators

Cosmological stability:

Bound from Super-Kamiokande (50k tons):
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The Energy Budget of the Universe

Ordinary Matter

It exists thanks to proton stability, 
ultimately due to accidental baryon 
number conservation

Can Dark Matter 
be stable due to 
its own accidental 
symmetry ?
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Accidental vs Exact Global Symmetries

‣ Exact global symmetries are believed to 
be incompatible with quantum gravity and 
black holes

‣ Accidental symmetries are only approximate, 
emerge at low energy and do not characterize 
the UV fundamental dynamics

‣ Accidental symmetries are thus more 
theoretically satisfactory than imposing 
ad-hoc exact symmetries in the theory



Part I
Accidental (Particle) Dark Matter
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Dark Sector must contain (at least) one DM candidate that is 
cosmologically stable due to one of its accidental symmetries

Extending the SM: Accidental Dark Matter

Postulate a new sector with new matter and/or new dynamics

Dark sector SM Sector

Aµ, , H

SM gauge

gravity

portal
A0

µ, 
0,�
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Type Accidental Symmetry

Dark Baryons U(1)DB

Dark Mesons Species number          or G-parityU(1)i

Gluequarks Z2 dark parity

Overview of some of the most interesting accidental SM candidates

Axion U(1)PQ

dark baryon number

Peccei-Quinn

Type Accidental Symmetry

Minimal DM dark numberU(1)

Weakly coupled dark sector

Strongly coupled dark sector

Cirelli, Fornengo, Strumia  
NPB 753 (2006) 178
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Strongly-Coupled Dark Sector

Dark Sector = GD gauge theory with dark ‘quarks’ transforming as (R,r) of 
GD x GSM, and GDC ⊂GD a confining ‘dark color’ subgroup 

See for ex: Kribs, Neil, Int. J. Mod. Phys. A31 (2016) 1643004 
Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 
R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187
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Strongly-Coupled Dark Sector

Dark Sector = GD gauge theory with dark ‘quarks’ transforming as (R,r) of 
GD x GSM, and GDC ⊂GD a confining ‘dark color’ subgroup 

‣ Below the dark confinement scale, the dark sector develops a complex spectrum of 
bound states, one (or more) of them is accidentally stable and plays the role of the 
DM candidate

‣ I will assume that (at least some of) the dark quarks are charged under the SM gauge 
symmetry. This leads to experimental signatures testable at colliders as well as direct 
and indirect DM searches.

‣ To avoid exclusion from Electroweak Precision Tests, I will assume that the dark quark 
representations under GSM are vector-like (i.e. dark dynamics does not break GSM)

See for ex: Kribs, Neil, Int. J. Mod. Phys. A31 (2016) 1643004 
Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 
R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187
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• Dark Baryons

Example:

SU(NDC) SU(2)EW U(1)Y

L ⇤ 2 �1/2
N ⇤ 1 0

Lc ⇤̄ 2̄ +1/2
N c ⇤̄ 1 0

Accidental symmetry:  U(1) dark baryon number

L = � 1

4g2DC

G
2
µ⌫ + L̄(i 6D �ML)L+ N̄(i6@ �MN )N + yN̄LH + h.c.

[ Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 ]

DM candidate:                                     spin = NDC/2,   singlet of GSMB ⇠ (N . . .N)

NDC

Vector-like

⇠ 1/⇤
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• Dark Baryons

E

spin-0, spin-1, baryons⇤DC

m⇡

weak loop

SM neutral NGBsm⇡

SM charged NGBs

⇠ 1/⇤

Energy cartoon for m . ⇤DC
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• Dark Baryons

E

spin-0, spin-1, baryons⇤DC

m⇡

weak loop

SM neutral NGBsm⇡

SM charged NGBs

B

B̄
mesons

⇤DC ⇠ 100TeV

At                  dark baryons undergo a thermal 
freeze out with non-perturbative annihilations 
into dark pions (which decay to SM)

T . ⇤DC

[  K. Griest, M. Kamionkowski, PRL 64 (1990) 615  
   Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 ]

h�BB̄vi ⇠
⇡

⇤2
DC

⇠ 1/⇤

Energy cartoon for m . ⇤DC
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• Dark Baryons

E

spin-0, spin-1, baryons⇤DC

m⇡

weak loop

SM neutral NGBsm⇡

SM charged NGBs

⇠ 1/⇤

m2
⇡ ⇠ g2

16⇡2
⇤2
DC +m ⇤DC

‣ pair produced via Drell-Yan

pp ! V ! ⇡⇡ (                    )V =W,Z, �

‣ decay through anomalous/1-loop couplings 
or Yukawa couplings

⇡ ! V V

⇡ ! ⇡
0
V /⇡

0
H (H = WL, ZL, h)

100 TeV

O(10 TeV)

Energy cartoon for m . ⇤DC
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pp ! V ! ⇡⇡ (                    )V =W,Z, �

‣ decay through anomalous/1-loop couplings 
or Yukawa couplings

⇡ ! V V

⇡ ! ⇡
0
V /⇡

0
H (H = WL, ZL, h)

‣ singly produced via VBF, in association with a SM 
vector boson or from decays of heavier NGBs

‣ decay through anomalous couplings (to        ) 
or via higher-dim operators

V V

m2
⇡ ⇠ m ⇤DC

100 TeV

O(10 TeV)

Energy cartoon for m . ⇤DC
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• Gluequarks

Example: [ R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187]

SU(NDC) SU(2)EW U(1)Y

V adj 3 0

DM candidate:   (EM neutral component of) gluequark       

GSM

Accidental symmetry:  dark parity (               )

Real

= 30 of

⇠ 1/⇤DC

L = � 1

4g2DC

G2
µ⌫ +Q†i�̄µDµQ� MQ

2
(QQ+Q†Q†)

Q

Q ! �Q

� ⇠ Qg
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Lattice results for adjoint QCD

Nc/Nf 1 2 3 4 5 6

2
confining 

(SYM) 

Bergner et al. 
1511.05097 
1701.08992

conformal (?) 
Lucini et al. 
1412.5994

conformal 

Bergner et al. 
1712.04692

conformal 

Catterall et al. 
1108.3794 

Bergner et al. 
1610.01576

conformal 
(perturbative) 

AF lost

3
unclear 

DeGrand et al. 
1307.2425

conformal 
(perturbative) 

AF lost
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• Gluequarks
⇠ 1/⇤DC

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

NDCMQ

MQ

⇤DC

2MQ

‣ Gluequark mass computed on the lattice in the limit 
of heavy quark masses through simulations with 
adjoint static sources, see:

M. Foster, C. Michael  PRD 59 (1999) 094509  
G.S. Bali, A. Pineda Phys. Rev. D69 (2004) 094001
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• Gluequarks
⇠ 1/⇤DC

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

‣ Gluequarks are stable due to accidental dark parity

D=6 operators can induce gluequark decays

�(� ! h⌫) ' g4UV

4096⇡3

M5
Q

⇤4
UV

' 10�28s�1g4UV

✓
MQ

100TeV

◆5 ✓1018 GeV

⇤UV

◆4

�L =
g
2
UV

⇤2
UV

(Hc†
�
i
`)(Gµ⌫�

µ⌫
Q

i) + h.c.

NDCMQ

MQ

⇤DC

2MQ

‣ Gluequark mass computed on the lattice in the limit 
of heavy quark masses through simulations with 
adjoint static sources, see:

M. Foster, C. Michael  PRD 59 (1999) 094509  
G.S. Bali, A. Pineda Phys. Rev. D69 (2004) 094001
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• Gluequarks
⇠ 1/⇤DC

‣ For                    gluequarks are heavy and large

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

MQ>⇤DC

M� ⇠ MQ R� ⇠ 1/⇤DC

NDCMQ

MQ

⇤DC

2MQ
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• Gluequarks
⇠ 1/⇤DC

‣ For                    gluequarks are heavy and large

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

MQ>⇤DC

M� ⇠ MQ R� ⇠ 1/⇤DC

NDCMQ

MQ

⇤DC

2MQ

Q g

Q g

‣ At                 dark quarks have a first perturbative 
freeze out

<latexit sha1_base64="YB6Ey9dnkWzbI28AR1Nk8KPMBrc="></latexit>

T ⇠MQ

<latexit sha1_base64="X5SXI9xytNE4PdjiQcxMOmV5nGc="></latexit>

h�vi ⇠ ⇡↵2
DC

M2
Q



21

• Gluequarks
⇠ 1/⇤DC

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

‣ At                   gluequarks undergo a second 
freeze out through recombination processes 
into SM particles

�

�

QQ⇤

QQ

�

v

v
b

�

�
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(geometrical)
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MQ

⇤DC

2MQ

Cross section for gluequarks recombination is 
much larger than that for direct annihilation

<latexit sha1_base64="dREMbrsuXxZtH/483dLRzbTKMF8="></latexit>
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• Gluequarks
⇠ 1/⇤DC
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• Gluequarks
⇠ 1/⇤DC
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• Gluequarks
⇠ 1/⇤DC
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• Gluequarks

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

NDCMQ

MQ

⇤DC

2MQ

Heavy mesons are perturbative quarkonia bound states 
with calculable properties

‣ Spin-1 mesons are singly produced via Drell-Yan 
and have a sizeable (~7%) BR into SM leptons

�
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Figure 5: Left: ATLAS bounds on the cross section for the direct production of a spin-1

QQ resonance decaying into muons and electrons [49]. Right: Estimated reach on glue-

quark pair production obtained by recasting the limits of Ref. [50] from disappearing tracks

searches at the HL-LHC (red), the HE-LHC (green) and a 100 TeV collider (blue). The

solid (dashed) lines assume a 20% (500%) uncertainty on the background estimate.

.

and quarks are produced in free pairs. Because dark quarks are in the adjoint represen-

tation of dark color, when they get separated by a distance of Op1{⇤DCq they hadronize

producing color singlets that fly through the detector. On the contrary, dark quarks in the

fundamental representation would not be able to escape, leading to quirks/hidden valley

phenomenology [2, 52, 53]. The phenomenology of the open production is then identical to

the one of an elementary electroweak multiplet except that the cross-section is enhanced

by the multiplicity of the dark color adjoint representation, i.e. N2
DC ´ 1 for SUpNDCq.

Such enhancement factor is not present for gluequark pair production near threshold in the

light quark regime. In general, an electroweak triplet can be searched for in monojet and

monophoton signals or disappearing tracks, the latter being more constraining. We derived

the reach of the high-luminosity LHC (HL-LHC), the high-energy LHC (HE-LHC) and the

proposed 100 TeV collider by recasting the results of Ref. [50] for the V model in the heavy

quark regime, see the right plot of Fig. 5. We find that the HL-LHC could discover glue-

quark triplets up to „ 600 GeV while a 100 TeV collider could reach „ 7 TeV. Such bounds

are typically weaker than the ones from the production of QQ spin-1 resonances decaying

to leptons.

5.2 DM Direct Detection

From the point of view of DM direct detection experiments, where the momentum ex-

changed is less than 100 KeV, the gluequark behaves as an elementary particle with the

same electroweak quantum numbers as the constituent quark. The main di↵erence from

elementary candidates with same quantum numbers is that the relic abundance is not

controlled by the electroweak interaction, leading to a di↵erent thermal region.

For a triplet of SUp2q the spin-independent cross-section is �SI “ 1.0 ˆ 10´45 cm2, which

is below the neutrino floor for masses M� ° 15 TeV. For an SUp2q doublet tree-level Z-

– 22 –

Dilepton searches at the LHC 
exclude

Naive exclusion at FCC-hh (20ab-1):

<latexit sha1_base64="3CJA3lFrwuiVH7N6+Dw+L6Dg3c4="></latexit>

MQ < 1.0� 1.8TeV

<latexit sha1_base64="LWsS+ghni2uQ7M3Hcd/su2/We3U="></latexit>

MQ < 7� 13TeV
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• Gluequarks

E

mesons

glueballs Φ

baryons

gluequarks χ

Energy cartoon for MQ > ⇤DC

NDCMQ

MQ

⇤DC

2MQ

At                  one has open production of                 

‣ Heavy quarks in the adjoint hadronize into 
dark color-singlet gluequarks

 ̄ 

�

�

 q

q̄  

m�+�m�0 = 160MeV

       long-lived gives disappearing track (                          )�+ �+!�0+ ⇡+

� σ
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�/
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recast from PRD 98 (2018) 035026 

red = HL-LHC

green = HE-LHC

blue = FCC-hh

E > 2M
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Dark mesons (pions) do not have dark baryon number but can be stable 
due to accidental species numbers

⇡ ⇠ (Q̄1Q2) U(1) :

(
Q1 ! e�i↵ Q1

Q2 ! e+i↵ Q2

if                                of SU(2)EW x U(1)Y

In general, species numbers are broken by D=5 operators (in the basis where 
mass terms are flavor diagonal):

(Q̄1Q2) = 10, 30(Q̄1Q2)(HH)

Notice:  viable DM candidates must be have zero hypercharge and zero EM 
charge (hence integer weak isospin)

• Dark Mesons
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Dark mesons (pions) do not have dark baryon number but can be stable 
due to accidental species numbers

⇡ ⇠ (Q̄1Q2) U(1) :

(
Q1 ! e�i↵ Q1

Q2 ! e+i↵ Q2

if                                of SU(2)EW x U(1)Y

In general, species numbers are broken by D=5 operators (in the basis where 
mass terms are flavor diagonal):

(Q̄1Q2) = 10, 30(Q̄1Q2)(HH)

Dark pions naively less stable than dark baryons 
and not viable accidental DM candidates 

☞

Notice:  viable DM candidates must be have zero hypercharge and zero EM 
charge (hence integer weak isospin)

• Dark Mesons
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Analogy:  low-energy QCD with 2 flavors

accidental 
species number

Global Symmetry breaking pattern:

spont.

expl.
! U(1)EM⇥U(1)3V

SU(2)L⇥SU(2)R⇥U(1)V ! SU(2)V ⇥U(1)V

breaks species number U(1)3V

SU(3)c U(1)EM U(1)3V U(1)V

uL ⇤ +2/3 +1 +1/3

dL ⇤ �1/3 �1 +1/3

uc
R ⇤̄ �2/3 �1 �1/3

dcR ⇤̄ +1/3 +1 �1/3

Lmass = mu uLu
c
R +md dLd

c
R + h.c.

 decays through the 
number species violating 

D=6 operator (weak decay)

π±

3 pseudo NGBs = , π± π0

(from W exchange)

⇡+

`+

⌫`

L6D � d̄L�
µuL⌫̄`�µ`+ h.c.
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SU(NDC) SU(2)EW U(1)3V U(1)V

 1 ⇤ ⇤ +1 +1

 2 ⇤ ⇤ �1 +1

�1 ⇤̄ ⇤̄ �1 �1

�2 ⇤̄ ⇤̄ +1 �1

Global Symmetry breaking pattern:

spont.

expl.
! SU(2)EW ⇥U(1)3V ⇥U(1)V

SU(4)L⇥SU(4)R⇥U(1)V ! SU(4)V ⇥U(1)V

L5D �  1�2H
†
H,  2�1H

†
H

break species number U(1)3V

( for  )M1 ≠ M2

Lmass = M1 1�1 +M2 2�2 + h.c.

A Model of Accidental Meson DM
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SU(NDC) SU(2)EW U(1)3V U(1)V

 1 ⇤ ⇤ +1 +1

 2 ⇤ ⇤ �1 +1

�1 ⇤̄ ⇤̄ �1 �1

�2 ⇤̄ ⇤̄ +1 �1

accidental

Global Symmetry breaking pattern:

spont.

expl.
! SU(2)EW ⇥U(1)3V ⇥U(1)V

SU(4)L⇥SU(4)R⇥U(1)V ! SU(4)V ⇥U(1)V

L5D �  1�2H
†
H,  2�1H

†
H

break species number U(1)3V

15 (pseudo) NGBs = 3±, 30, 30’, 1±, 10

10 ⇠ ( 1�1 �  2�2)

1+ ⇠ ( 1�2)

1� ⇠ ( 2�1)

All the NGBs decay through 5D operators

( for  )M1 ≠ M2

Lmass = M1 1�1 +M2 2�2 + h.c.

A Model of Accidental Meson DM
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Mass terms and 5D operators can be forbidden by 
gauging the anomaly-free chiral U(1) subgroup

For            the representations are chiral, 
no mass term or 5D operators allowed by 
gauge invariance

a 6= 1
SU(NDC) U(1)D SU(2)EW U(1)3V U(1)V

 1 ⇤ +1 ⇤ +1 +1
 2 ⇤ �1 ⇤ �1 +1
�1 ⇤̄ �a ⇤̄ �1 �1
�2 ⇤̄ +a ⇤̄ +1 �1

[ R.C., Podo, Revello  JHEP 02 (2021) 091]

QD = T3L + a T3R

dark charge:     

 Free parameters:           

⇤D

eD

a

"

dark coupling:
dark dynamical scale: 

hypercharge-dark photon mixing: 
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Mass terms and 5D operators can be forbidden by 
gauging the anomaly-free chiral U(1) subgroup

For            the representations are chiral, 
no mass term or 5D operators allowed by 
gauge invariance
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�1 ⇤̄ �a ⇤̄ �1 �1
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pseudo

eaten by dark photon

stable → DM candidate

15 NGBs = 3±, 30, 30’, 1±, 10

[ R.C., Podo, Revello  JHEP 02 (2021) 091]

accidental

Global Symmetry breaking pattern:

spont.

expl.
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dark dynamical scale: 
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• Spectrum
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E

stable

stable
long-lived
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30, 3
0
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• Spectrum
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stable
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NDC odd excluded 
because lightest 

baryon is charged 
under EM

Hence NDC=4 or 6

Heavy dark hadrons 
(including lightest baryon)
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�D
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stable

stable
long-lived

NDC odd excluded 
because lightest 

baryon is charged 
under EM

Hence NDC=4 or 6

Heavy dark hadrons 
(including lightest baryon)

1±

m2
1 = 24 ln(2)a

e2D
16⇡2

m2
⇢

m2
3 = 12 ln(2)

g2

16⇡2
m2

⇢

m2
3± =

✓
24 ln(2)

e2D
16⇡2

+ 12 ln(2)
g2

16⇡2

◆
m2

⇢

m2
�D

= 2e2D(1� a)2f2 ⇠ NDC

8⇡2
e2D(1� a)2m2

⇢

Pseudo NGBs 
and Dark Photon

Acquire mass from 
weak gauging

30, 3
0
0

3±
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• Spectrum

B

�D

E

stable

stable
long-lived

NDC odd excluded 
because lightest 

baryon is charged 
under EM

Hence NDC=4 or 6

Heavy dark hadrons 
(including lightest baryon)

1±

Hyperfine splitting of triplets 
at            from EW correctionsO(g4)

�m|EW =
g

4⇡
mW sin2

✓W
2

= 166± 1MeV
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• Accidental stability

‣ U(1)3V breaking operators ‣ U(1)V breaking operators

d=6    (for          )     

d=7    (for                        )   

d>7     for other values of

 1�2 2�2

�†
1i 6D�2  1�2

d=6     (NDC=4)                ,

d>6     for NDC≠4

����     

Dark pions more stable 
than in vector-like theories

a

a=0

a=±1/3,±3
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• Accidental stability

‣ U(1)3V breaking operators ‣ U(1)V breaking operators

d=6    (for          )     

d=7    (for                        )   

d>7     for other values of

 1�2 2�2

�†
1i 6D�2  1�2

d=6     (NDC=4)                ,

d>6     for NDC≠4

����     

Dark pions more stable 
than in vector-like theories

a

a=0

a=±1/3,±3

• Accidental discrete symmetries

‣ Dark Charge Conjugation CD :

8
><

>:

AD
µ �! �AD

µ

 1  !  2

�1  ! �2

Broken by kinetic mixing "

Small values of     are technically 
natural (even though dark quarks 
have SM charges)

"

‣ Dark G-Parity GD :

(
 i �! ei⇡T2�i

Ga
µ�a �! �Ga

µ�
⇤
a

Broken by U(1)D gauging
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⇡1

⇡1

�D

�D

h�⇡⇡vi ⇠
e4D
8⇡

1

m2
1

⇠ e2D
⇡

⇤2

• Dark pions (     ) and dark baryons are both thermal relics, DM abundance dominated by 
dark pion for small eD

1±

α D
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Q:  Can the PQ symmetry be accidental ?
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Minimal models have 3 irreducible 
GUT representations:

Accidental global symmetry:  [U(1)V]3 x U(1)PQ 

1 SM-singlet NGB (axion) + 1 NGB eaten by dark photon 
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Minimal models have 3 irreducible 
GUT representations:

Accidental global symmetry:  [U(1)V]3 x U(1)PQ 

1 SM-singlet NGB (axion) + 1 NGB eaten by dark photon 

Requirements:

1) Gauge anomaly cancellation

SU(NDC) U(1)D GSM U(1)PQ

Â1 ⇤ p1 r1 –

Â2 ⇤ p2 r2 —

Â3 ⇤ p3 r3 “

‰1 ⇤̄ q1 r̄1 –

‰2 ⇤̄ q2 r̄2 —

‰3 ⇤̄ q3 r̄3 “

Table 4: Composite axion model with nf = 3. The representations r1, r2, r3 are assumed to
be irreducible, and GSM is either the SM gauge group or one of its GUT extensions. The
U(1)D charges are defined so that pi ”= pj, qi ”= qj for i ”= j and can be normalized to be all
integer numbers.

As for nf = 2, we make no a priori assumptions on the SM representations of the
dark fermions. We classify models of the form detailed in Table 4. The conditions for the
cancellation of [GSM]2U(1)D, [SU(NDC)]2U(1)D and [U(1)D]3 gauge anomalies are:

Y
____]

____[

(p1 + q1)T1 + (p2 + q2)T2 + (p3 + q3)T3 = 0,

(p1 + q1)d1 + (p2 + q2)d2 + (p3 + q3)d3 = 0,

(p3
1

+ q3
1
)d1 + (p3

2
+ q3

2
)d2 + (p3

3
+ q3

3
)d3 = 0.

(5.1)

If the representations r1, r2, r3 are all equal, then the accidental NGB in the spectrum
is not anomalous under SM color and cannot play the role of the QCD axion. If two
representations are equal (up to conjugation), then the system (5.1) admits only vector-
like solutions. Indeed, in that case from the first two equations of Eq. (5.1) it follows
(pi + qi)(Tidj ≠ Tjdi) = 0, where ri is the representation which di�ers from the other
two. The relation Tidj = Tjdi is not satisfied by any pair of representations of SU(N) with
rank 2 or lower, while higher-dimensional representations are excluded by the perturbativity
constraint. This implies pi = ≠qi, hence vector-like representations. Therefore, we are
led to consider models where the three irreducible representations are all di�erent and
inequivalent under complex conjugation.

The choices of representations are restricted by the conditions of Section 2.1. We
enforce the constraint of Eq. (2.5) by estimating �DC = 4fifDC/

Ô
NDC and computing

the ratio fDC/fa in each model. Together with Eq. (2.3), this leads to a range of allowed
values of NDC and fa. The minimum number of dark colors is determined by Eq. (2.3), from
which it follows the minimum value of fa through Eq. (2.5). We require fa . 1012 GeV,
and this in turn implies an upper bound on NDC again through Eq. (2.5). 15 According

15We could consider larger values of fa, up to MGUT. For fa > 1012 GeV, on the other hand, the axion

– 22 –

2) Dark color confinement + SM gauge
 couplings perturbative up to MPl
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2) Dark color confinement + SM gauge
 couplings perturbative up to MPl

GSM r1 r2 r3 �max

��P Q NDC fmin
a

SU(5)GUT 1 5̄ 10 12 4, 5, . . . , 11 4 · 108 GeV
1 5̄ 15 15 6, 7 1011 GeV
1 10 15 18 7 1012 GeV

SU(3)c 1 3 6 12 3, 4, . . . , 9 4 · 108 GeV
8 3 6 15 5 5 · 1011 GeV
1 3 8 15 3, 4, . . . , 7 109 GeV
1 6 8 12 4, 5 1011 GeV

Table 5: Choices of the representations defined in Table 4 allowed by the constraints of
Section 2.1. Additional viable models are obtained by conjugating the representation r3

(or equivalently r2), except for models in the last two rows. The last two columns report,
respectively, the allowed values of NDC and the smallest allowed value of fa.

to these criteria, there are only a few possibile representations r1, r2, r3 leading to viable
models. They are reported in Table 5, together with the allowed range of dark colors and
the minimum value of fa. Starting from any of the models of this table, except the last two,
one can obtain another viable model by conjugating the representation r3 (or equivalently
r2); such new theory has a di�erent spectrum of heavy resonances but the same low-energy
axion phenomenology compared to its parent theory.

Computing the minimum PQ-violating dimension ���P Q defined in Sec. 3.1 for all the
models of Tab. 5 is beyond the scope of this work. However, similarly to what we have
seen for nf = 2 models, it is possible to set an upper bound on ���P Q by exploiting the
conditions of anomaly cancellation, Eq (5.1). From the first two equations, in particular,
it follows that operators of the form

3Ÿ

i=1

(Âi‰i)Ÿi (Âú
i ‰ú

i )Ÿ̄i (5.2)

are neutral under U(1)D provided that 16

(Ÿ1 ≠ Ÿ̄1)(T2d3 ≠ T3d2) + (Ÿ2 ≠ Ÿ̄2)(T3d1 ≠ T1d3) + (Ÿ3 ≠ Ÿ̄3)(T1d2 ≠ T2d1) = 0 . (5.3)

These operators are invariant also under SU(NDC) ◊ GSM, manifestly violate U(1)PQ, and
are of the right form to generate an axion potential through a single insertion. Their
dimensionality is equal to 3

q
i(Ÿi + Ÿ̄i). Therefore, for a given model of Tab. 5, there exists

an upper bound on the dimension of the PQ-violating operators given by �max

��P Q = 3Ÿmin,

energy density from misalignment is too large unless one assumes small initial conditions, and furthermore
the axion quality problem exacerbates.

16Here we use the fact that pi ”= ≠qi and Tidj ”= Tjdi for any i, j as discussed earlier.
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Only 3+3 possible choices of irreps
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Analysis of (1+5+10) Models-

• (1+5+10) models can have      as low as

• Charge assignments exist which give                                 robust solution to quality problem 
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���PQ = 12

Ex:

alone admit a large number of solutions even for small nmax, and it is precisely thanks to
this abundance of solutions that we are able to find examples where the axion quality is
protected up to a su�ciently high level. The classification does not depend on the number
of dark colors, except for the special value NDC = 4. In the latter case it is possible to make
SU(NDC) singlets by pairing 4 (anti)fundamentals, hence more flavor-violating operators
are allowed, implying fewer solutions. With nmax = 10, the following examples are robust
in the sense discussed above for (r1, r2, r3) = (1, 5̄, 10) and 5 Æ NDC Æ 11:

(p1, p2, p3) = (≠5, ≠6, +2) (q1, q2, q3) = (+10, +3, ≠1)

(p1, p2, p3) = (+0, ≠7, +7) (q1, q2, q3) = (+5, +4, ≠6)

(p1, p2, p3) = (+0, +4, ≠6) (q1, q2, q3) = (+5, ≠7, +7)

(p1, p2, p3) = (+2, +3, ≠5) (q1, q2, q3) = (+3, ≠6, +6) ,

(5.15)

and the last three are also robust for (r1, r2, r3) = (1, 5, 10). The other 18 high-quality
solutions are reported in Appendix C, together with those for NDC = 4. We stress that
we have not found any charge assignment with nmax = 20 where a single insertion of an
operator with dimension d < 12 can generate a potential for the axion: it is the presence of
multiple insertions which rules out the excluded models. In this sense, the analysis carried
out in Section 3.1 is crucial to correctly identify the high-quality models.

Finally, it interesting to notice that nf = 3 also allows models with the much stronger
property of having no PQ-violating operators (of any form) up to dimension 12. Assuming
that invariance under SU(5)GUT can always be obtained with suitable GUT scalars, there
are no such models with nmax = 20, and the one with the smallest charges that we have
found is

(p1, p2, p3) = (+30, +39, +87) (q1, q2, q3) = (+55, ≠90, ≠70). (5.16)

6 Phenomenology

The rich spectrum of composite states predicted by our models in the Peccei-Quinn sector
is rather elusive and out of the reach of collider experiments. States with mass of order
�DC are too heavy to be produced, while SM-neutral NGBs have too weak interactions
with the SM at low energy. On the other hand, their presence can have an impact on the
cosmological evolution and can thus be tested by celestial observations. The cosmology
of axion models is complex, for a review see for instance Refs. [72, 73]. A scenario where
the scale of inflation HI is larger than the dark confinement (and PQ) scale, or where
the PQ symmetry is restored after reheating, appears to be strongly disfavoured in our
models. Indeed, in this case the degrees of freedom in the PQ sector would thermalize
with the SM bath after reheating, thanks to the QCD interactions of the dark fermions.
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• Below MGUT number of irreps increases from 3 to 6: 
three additional SM-singlet pseudo-NGB (     ) 
acquire mass only through GUT effects
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alone admit a large number of solutions even for small nmax, and it is precisely thanks to
this abundance of solutions that we are able to find examples where the axion quality is
protected up to a su�ciently high level. The classification does not depend on the number
of dark colors, except for the special value NDC = 4. In the latter case it is possible to make
SU(NDC) singlets by pairing 4 (anti)fundamentals, hence more flavor-violating operators
are allowed, implying fewer solutions. With nmax = 10, the following examples are robust
in the sense discussed above for (r1, r2, r3) = (1, 5̄, 10) and 5 Æ NDC Æ 11:

(p1, p2, p3) = (≠5, ≠6, +2) (q1, q2, q3) = (+10, +3, ≠1)

(p1, p2, p3) = (+0, ≠7, +7) (q1, q2, q3) = (+5, +4, ≠6)

(p1, p2, p3) = (+0, +4, ≠6) (q1, q2, q3) = (+5, ≠7, +7)

(p1, p2, p3) = (+2, +3, ≠5) (q1, q2, q3) = (+3, ≠6, +6) ,

(5.15)

and the last three are also robust for (r1, r2, r3) = (1, 5, 10). The other 18 high-quality
solutions are reported in Appendix C, together with those for NDC = 4. We stress that
we have not found any charge assignment with nmax = 20 where a single insertion of an
operator with dimension d < 12 can generate a potential for the axion: it is the presence of
multiple insertions which rules out the excluded models. In this sense, the analysis carried
out in Section 3.1 is crucial to correctly identify the high-quality models.

Finally, it interesting to notice that nf = 3 also allows models with the much stronger
property of having no PQ-violating operators (of any form) up to dimension 12. Assuming
that invariance under SU(5)GUT can always be obtained with suitable GUT scalars, there
are no such models with nmax = 20, and the one with the smallest charges that we have
found is

(p1, p2, p3) = (+30, +39, +87) (q1, q2, q3) = (+55, ≠90, ≠70). (5.16)

6 Phenomenology

The rich spectrum of composite states predicted by our models in the Peccei-Quinn sector
is rather elusive and out of the reach of collider experiments. States with mass of order
�DC are too heavy to be produced, while SM-neutral NGBs have too weak interactions
with the SM at low energy. On the other hand, their presence can have an impact on the
cosmological evolution and can thus be tested by celestial observations. The cosmology
of axion models is complex, for a review see for instance Refs. [72, 73]. A scenario where
the scale of inflation HI is larger than the dark confinement (and PQ) scale, or where
the PQ symmetry is restored after reheating, appears to be strongly disfavoured in our
models. Indeed, in this case the degrees of freedom in the PQ sector would thermalize
with the SM bath after reheating, thanks to the QCD interactions of the dark fermions.
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new strongly-coupled dynamics). I have discussed these kinds of candidates:

‣ Dark Baryons, Gluequarks (vector-like models) 
‣ Dark Pions  (chiral models) 
‣ High-Quality Axions (chiral models)
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! Accidental DM is an attractive framework with several realizations (most involve 
new strongly-coupled dynamics). I have discussed these kinds of candidates:

! Current models are interesting though not completely satisfactory, especially in 
their connection with SM gauge coupling unification.

! DM can have very large mass, beyond the unitarity limit, and out of the reach of 
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! Lattice simulations can play a key role in the study of Accidental DM from 
strongly-coupled dynamics. For example, in the context of the models that I have 
discussed, lattice is required to determine:

‣ Spectrum (e.g. gluequark and glueball masses) 
‣ Dark baryon/Gluequark annihilation rate (for ) 
‣ Dark baryon/Gluequark recombination rate (for ) 
‣ Decay rates (e.g. of gluequark, for , and glueballs, for ) 
‣ Chiral Symmetry Breaking in Gluequark theories (for ) 
‣ Cross section for DM self interaction

MQ < ΛDC
MQ > ΛDC

MQ < ΛDC MQ > ΛDC
MQ < ΛDC

Dark Baryon/Gluequark Models

‣ Spectrum of PQ sector and ratio   

‣ Dimension of PQ-breaking operators in theories near a strongly-coupled IR fixed point
fa /ΛDC

Accidental Axion Models

‣ Spectrum (e.g. pseudo NGB, dark baryons) 
‣ Dark baryon annihilation rate

Dark Pion Chiral Models


