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[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

d⇥4

d logE
=

��

16⇤2
⇥2
4 +

�t

16⇤2
y4t = �(⇥4, yt)

The value of the Higgs mass makes 
the SM valid up to the Planck scale



5

[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

d⇥4

d logE
=

��

16⇤2
⇥2
4 +

�t

16⇤2
y4t = �(⇥4, yt)

Here new physics needed 
to make our vacuum stable

�t<0

The value of the Higgs mass makes 
the SM valid up to the Planck scale



5

[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

d⇥4

d logE
=

��

16⇤2
⇥2
4 +

�t

16⇤2
y4t = �(⇥4, yt)

Here quartic coupling 
hits a Landau pole 
before the Planck scale

��>0

Here new physics needed 
to make our vacuum stable

�t<0

The value of the Higgs mass makes 
the SM valid up to the Planck scale



[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

6

d⇥4

d logE
=

��

16⇤2
⇥2
4 +

�t

16⇤2
y4t = �(⇥4, yt)

�t<0��>0

The value of the Higgs mass makes 
the SM valid up to the Planck scale



[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

6

d⇥4

d logE
=

��

16⇤2
⇥2
4 +

�t

16⇤2
y4t = �(⇥4, yt)

�t<0��>0

The value of the Higgs mass makes 
the SM valid up to the Planck scale

102 104 106 108 1010 1012 1014 1016 1018 1020
0.0

0.2

0.4

0.6

0.8

1.0

RGE scale m in GeV

SM
co
up
lin
gs

g1

g2

g3yt

l
yb

m in TeV

Figure 1: Renormalisation of the SM gauge couplings g1 =
p
5/3gY , g2, g3, of the top, bottom

and ⌧ couplings (yt, yb, y⌧), of the Higgs quartic coupling � and of the Higgs mass parameter m.
All parameters are defined in the ms scheme. We include two-loop thresholds at the weak scale
and three-loop RG equations. The thickness indicates the ±1� uncertainties in Mt,Mh,↵3.

Planck mass, we find the following values of the SM parameters:
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All Yukawa couplings, other than the one of the top quark, are very small. This is the well-
known flavour problem of the SM, which will not be investigated in this paper.

The three gauge couplings and the top Yukawa coupling remain perturbative and are fairly
weak at high energy, becoming roughly equal in the vicinity of the Planck mass. The near
equality of the gauge couplings may be viewed as an indicator of an underlying grand unification
even within the simple SM, once we allow for threshold corrections of the order of 10% around
a scale of about 1016 GeV (of course, in the spirit of this paper, we are disregarding the acute
naturalness problem). It is amusing to note that the ordering of the coupling constants at

16

Can the theory be extrapolated at 
arbitrarily large energies ?

Both hypercharge and quartic coupling have 
Landau poles (much) above the Planck scale

[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]
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Can the theory be extrapolated at 
arbitrarily large energies ?

Both hypercharge and quartic coupling have 
Landau poles (much) above the Planck scale

[ From: Buttazzo et. al  JHEP 12 (2013) 089 ]

The SM is an effective theory, 
not a Theory Of Everything



7

Emerging Features

L = L(4) +
X

n,i

cn,i

⇤n
UV

O
(4+n)
i



7

Emerging Features

L = L(4) +
X

n,i

cn,i

⇤n
UV

O
(4+n)
i

L(4) =� 1

4g2
F

2
µ⌫ +  ̄i 6D + |DµH|2

+ y  ̄H + h.c.� V (H)

Almost all the observed features of the 
subatomic world are explained by the 
dim-4 SM Lagrangian



7

Emerging Features

L = L(4) +
X

n,i

cn,i

⇤n
UV

O
(4+n)
i

L(4) =� 1

4g2
F

2
µ⌫ +  ̄i 6D + |DµH|2

+ y  ̄H + h.c.� V (H)

Almost all the observed features of the 
subatomic world are explained by the 
dim-4 SM Lagrangian

• Pattern of Flavor and CP violation  (suppressed FCNC, suppressed CP, etc.)

• Approximate Custodial Symmetry

• No violation of B and L , Proton Stability
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Generic higher-dim operators 
destroy this picture
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Fig.2: RG flow diagram of the four-fermi
couplings (gV , gS) in the e = 0 plane. The
critical surface and the renormalized tra-
jectory are shown by dashed lines.

Fig.3: The fixed lines projected on the
(λ, gS)-plane and the critical couplings of
the scalar four-fermi obtained from the
beta functions given in eq.(8) and in
eq.(9).

Here it should be noted that the contribution from the “non-ladder” type corrections
vanishes, therefore the vector four fermi coupling does not appear in this beta function.
The anomalous dimension on the fixed line is simply given by

γm = 2g∗
S(λ) +

λ

2
, (15)

which is shown in Fig.5 as well. In the “ladder” case it is seen that the anomalous
dimensions satisfy the relation, γm = γG/2, which has been known also in the analysis of
the ladder SDE [3]. In our analysis, however, γm turns out to be fairly larger than γG/2
and also than γm obtained so far in the ladder SD approach.

4. RG flow with the running gauge coupling

So far the effect of the renormalization of the gauge coupling has been totally ignored,
therefore the obtained phase diagrams do not reflect the realistic ones for gauge theories.
In the SD approach, the so-called improved ladder approximation [6], in which the gauge
coupling is simply replaced by the running coupling subject to the perturbative RGE
apart from the SD framework, has been often used. However this prescription cannot
be regarded as systematic improvement of the approximation. On the other hand, in
the Wilson RG framework it is possible to include the correction to the gauge coupling
naturally by improvement of the previous approximation. This makes a clear contrast to

7

FP
ΛUV

ΛIR

• To have accidental symmetries one needs a large hierarchy, 
not necessarily a weakly-coupled theory

Kenneth G. Wilson: Renormalized After-Dinner Anecdotes 3

Fig. 2: Busy at work (before the advent of the paperless o�ce)

So in preparation for this talk, in the last couple of evenings, I’ve read various
historical materials. I will draw from things he’s written such as his Nobel lecture
[4], an oral history he did with the Dibner Institute [5,6], and also some videos [7,
8] of him that I’ve just watched. And I’ll try to tell something of a story, putting
these together, superficially discussing various periods in his career, and threading
in some of the things he said directly to me for additional illustration.

To set the stage, here is a photo (Fig. 2) more or less along the lines of how
we knew him. It is one of the Nobel promo photos. Amusingly, in so many of these
photos we have from that period he’s seen wearing a jacket and tie, but of course
he rarely wore a jacket and tie in real life . . .

recognition from without. But I didn’t really know how to formulate the reasons, and still don’t. It
could be that his work was so fundamental and far-reaching that it’s impossible to encapsulate in
a few short sound-bites; or that so much of his creative work was concentrated in a single decade
from the mid 60’s to mid 70’s, and he was not as influential in his later career projects; or that
he had little interest in writing popularizations (see, e.g., excerpt #13 of the video transcripts) or
self-promotion. In short, he probably didn’t care.

Wilson’s viewpoint:

Large hierarchy =

RG flow close to a Fixed Point, during which 
the theory is nearly self-similar (i.e. conformal)

• There exist several well know examples of strongly-coupled Fixed Points with enhanced 
symmetry in condensed matter systems
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Can Dark Matter be also stable due to some accidental symmetry ?☞
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• Weakly-Coupled Dark Sector:   Minimal Dark Matter
[ Cirelli, Fornengo, Strumia  NPB 753 (2006) 178 ]

Dark Sector = 1 Dirac fermion transforming as a 5-plet of SU(2)EW with Y=0
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• Weakly-Coupled Dark Sector:   Minimal Dark Matter
[ Cirelli, Fornengo, Strumia  NPB 753 (2006) 178 ]

Dark Sector = 1 Dirac fermion transforming as a 5-plet of SU(2)EW with Y=0

‣ Accidental Stability L = �̄ (i 6D �M)�  number violated at D=6 levelU(1)χ

�
†(`~�H)(H†

~�H), �
†
�
µ⌫
`HWµ⌫(ex:                                                      )

‣ DM abundance

V
 

 ̄�̄

�

�̄

�

V

V

[ From: Mitridate et. al  JHEP 10 (2017) 210 ]
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• Weakly-Coupled Dark Sector:   Minimal Dark Matter
[ Cirelli, Fornengo, Strumia  NPB 753 (2006) 178 ]

‣ Direct Detection
W

� �

W

�SI ' 2⇥ 10�46cm2

Too small (close to neutrino floor)

Dark Sector = 1 Dirac fermion transforming as a 5-plet of SU(2)EW with Y=0
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• Weakly-Coupled Dark Sector:   Minimal Dark Matter
[ Cirelli, Fornengo, Strumia  NPB 753 (2006) 178 ]

‣ Direct Detection
W

� �

W

�SI ' 2⇥ 10�46cm2

Too small (close to neutrino floor)

‣ Collider Searches

Mass splitting: �0

�±

�±±

�M

3�M

�M = ↵2MW sin2
✓W
2

= (166± 1)MeV

Disappearing tracks from inter-multiplet decays

�± ! ⇡±�0

soft and undetected

Unfortunately not within reach of FCC 100TeV 
for a thermal mass value M ' 14TeV

Dark Sector = 1 Dirac fermion transforming as a 5-plet of SU(2)EW with Y=0
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• Strongly-Coupled Dark Sector:   Vector-like Confining Gauge Theories

Dark Sector = Dark ‘quarks’ transforming as (R,r) of GDC x GSM, 
where GDC is a confining dark color gauge group 

= Dirac (Majorana) if (R,r) is (pseudo)realL = � 1

4g2DC

G2
µ⌫ + Q̄ (i 6D �M)Q+ y Q̄HQ+ h.c. Q
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• Strongly-Coupled Dark Sector:   Vector-like Confining Gauge Theories

Dark Sector = Dark ‘quarks’ transforming as (R,r) of GDC x GSM, 
where GDC is a confining dark color gauge group 

= Dirac (Majorana) if (R,r) is (pseudo)realL = � 1

4g2DC

G2
µ⌫ + Q̄ (i 6D �M)Q+ y Q̄HQ+ h.c. Q

Extremely reach phenomenology and several types of composite DM candidates

Type Accidental Symmetry

Dark Baryons

Dark Mesons

U(1)DB

Species number          , G-parityU(1)i

Gluequarks Z2 dark parity

(        bound states in theories
with adjoint dark quarks)
QG
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Example #1:  Dark Baryon DM

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:  dark baryon number

DM candidate:                                     spin = NDC/2,   singlet of GSM

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 ]

B ⇠ (N . . .N)

NDC
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Example #2:  Gluequark DM

Accidental symmetry:  dark parity (               )

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

V adj 3 0

L = � 1

4g2DC

G2
µ⌫ + V †i�̄µDµV � MV

2
(V V + V †V †)

DM candidate:   (neutral component of) gluequark        = 30 of GSMVg

V ! �V

[ R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187 ]
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Example #2:  Gluequark DM

Accidental symmetry:  dark parity (               )

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

V adj 3 0

L = � 1

4g2DC

G2
µ⌫ + V †i�̄µDµV � MV

2
(V V + V †V †)

DM candidate:   (neutral component of) gluequark        = 30 of GSMVg

V ! �V

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

Two different regimes: ‣ Light dark quarks  (                 )

‣ Heavy dark quarks  (                 )

M < ⇤DC

M > ⇤DC
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E

spin-0, spin-1, baryons

NGBs

⇤DC

m⇡

DM abundance:  light quark regime  (               )M < ⇤DC

h�BB̄vi ⇠
⇡

⇤2

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 ]
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DM abundance:  heavy quark regime  (               )M > ⇤DC

E

mesons

glueballs

baryons

⇠ 7⇤DC

[ Mitridate, Redi, Smirnov, Strumia, JHEP 10 (2017) 210 
  R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187  ] 

⇠ NDCM

⇠ 2M
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DM abundance:  heavy quark regime  (               )M > ⇤DC

E

mesons

glueballs

baryons

⇠ 7⇤DC

At                dark quarks have a perturbative freeze outT ⇠ M

Q g

Q g

h�vi ⇠ ⇡↵2
DC

M2

[ Mitridate, Redi, Smirnov, Strumia, JHEP 10 (2017) 210 
  R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187  ] 

⇠ NDCM

⇠ 2M
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DM abundance:  heavy quark regime  (               )M > ⇤DC

E

mesons

glueballs

baryons

⇠ 7⇤DC

At                dark quarks have a perturbative freeze outT ⇠ M

Q g

Q g

h�vi ⇠ ⇡↵2
DC

M2

At                   dark baryons undergo a new phase of 
non-perturbative annihilations

T ⇠ ⇤DC

B + B̄ ! (QQ̄)⇤ + (QNDC�1)(Q̄NDC�1)

h�vi ⇠ ↵DC r2B ⇠ 1

↵DC

1

M2

[ Mitridate, Redi, Smirnov, Strumia, JHEP 10 (2017) 210 
  R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187  ] 

⇠ NDCM

⇠ 2M
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DM abundance:  heavy quark regime  (               )M > ⇤DC

E

mesons

glueballs

baryons

⇠ 7⇤DC

At                dark quarks have a perturbative freeze outT ⇠ M

Q g

Q g

h�vi ⇠ ⇡↵2
DC

M2

At                   dark baryons undergo a new phase of 
non-perturbative annihilations

T ⇠ ⇤DC

B + B̄ ! (QQ̄)⇤ + (QNDC�1)(Q̄NDC�1)

h�vi ⇠ ↵DC r2B ⇠ 1

↵DC

1

M2

Late decay of the glueballs can lead to an era of early 
matter domination with modified scaling                   , 
and to a dilution of the DM abundance

a / T�8/3

[ Mitridate, Redi, Smirnov, Strumia, JHEP 10 (2017) 210 
  R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187  ] 

⇠ NDCM

⇠ 2M
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E

spin-0, spin-1, baryons

SM charged NGBs

⇤DC

m⇡

. weak loop

SM neutral NGBsm⇡

Phenomenology:  light quark regime  (               )M < ⇤DC
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E

spin-0, spin-1, baryons

SM charged NGBs

⇤DC

m⇡

. weak loop

m2
⇡ ⇠ g2

16⇡2
⇤2
DC +m ⇤DC

Dark pions charged under the SM

‣ 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)

SM neutral NGBsm⇡

Phenomenology:  light quark regime  (               )M < ⇤DC
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E

spin-0, spin-1, baryons

SM charged NGBs

⇤DC

m⇡

. weak loop

Dark pions neutral under the SM

‣ 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

SM neutral NGBsm⇡

Phenomenology:  light quark regime  (               )M < ⇤DC
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E

spin-0, spin-1, baryons⇤DC

m⇡

. weak loop

spin-1 resonances

‣ singly produced via Drell-Yan

‣ decay mostly to pairs of NGBs if kinematically 
allowed, decays to SM fermions parametrically 
suppressed

�(⇢ ! ⇡⇡) ⇠
g2⇢
8⇡

m⇢

�(⇢ ! ff̄) ⇠ 1

8⇡

g4SM

g2⇢
m⇢SM charged NGBs

SM neutral NGBsm⇡

Phenomenology:  light quark regime  (               )M < ⇤DC
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• Benchmark:  L+N vectorlike model

SU(3)L ⇥ SU(3)R ! SU(3)V

8 NGBs = 10(⌘)� 2±(K)� 30(⇡)

under SU(2)EW ⇥ U(1)Y

142 Models
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Figure 4.11: Model with GDC “ SUp3q and a dark quark neutral under GSM. Left:
thermally averaged cross sections for annihilation and for bound states formation, assum-
ing mQ “ 10 TeV and ↵DC “ 0.1 (⇤DC « 30 GeV). Right: region where dark baryons
reproduce the DM cosmological abundance. A recombination fraction }B “ 0.4 is assumed.

is made of Dirac particles so it exists for any choice of quantum numbers n, `, s. The stable

bound state is made of identical particles, so that a fully anti-symmetric wave-function

implies that it must have spin 1 in s-wave and spin-0 in p-wave. Moreover it can only be

produced from an initial state in the symmetric configuration. The main bound states

together with their key properties are summarized in Table 4.4.

If dark confinement happens after freeze-out, the thermal relic abundance of DM is

obtained by first solving the Boltzmann equations for the elementary dark quarks and

their perturbative bound states. Table 4.4 implies that the bound states are produced

from a repulsive initial state. This suppresses the production of stable and unstable di-

quark bound states at late times, where the kinetic energy is insu�cient to overcome

the repulsion. As a consequence, we find that the thermal relic abundance is mostly

due to perturbative annihilations boosted by the Sommerfeld enhancement, and by di-

quark bound state production at earlier times. At T „ ⇤DC confinement occurs in the

dark sector, and a fraction of the dark quarks is converted into dark baryons. The dark

baryons can undergo recombination annihilations, which have large cross sections, leading

to a late-time dark matter depletion.

When dark confinement takes place before freeze-out, annihilations are still governed

by the constituent cross section, provided that the typical velocities at freeze-out are large

enough. At lower velocities, the larger recombination cross section produces a late-time

dark matter depletion.

Taking all these e↵ects into account, Fig. 4.11 shows an estimate of the parameter

g

4⇡
⇤DC . m⇡ < ⇤DC

[ From:  A. Mitridate, PhD thesis]
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Figure 4.11: Model with GDC “ SUp3q and a dark quark neutral under GSM. Left:
thermally averaged cross sections for annihilation and for bound states formation, assum-
ing mQ “ 10 TeV and ↵DC “ 0.1 (⇤DC « 30 GeV). Right: region where dark baryons
reproduce the DM cosmological abundance. A recombination fraction }B “ 0.4 is assumed.

is made of Dirac particles so it exists for any choice of quantum numbers n, `, s. The stable

bound state is made of identical particles, so that a fully anti-symmetric wave-function

implies that it must have spin 1 in s-wave and spin-0 in p-wave. Moreover it can only be

produced from an initial state in the symmetric configuration. The main bound states

together with their key properties are summarized in Table 4.4.

If dark confinement happens after freeze-out, the thermal relic abundance of DM is

obtained by first solving the Boltzmann equations for the elementary dark quarks and

their perturbative bound states. Table 4.4 implies that the bound states are produced

from a repulsive initial state. This suppresses the production of stable and unstable di-

quark bound states at late times, where the kinetic energy is insu�cient to overcome

the repulsion. As a consequence, we find that the thermal relic abundance is mostly

due to perturbative annihilations boosted by the Sommerfeld enhancement, and by di-

quark bound state production at earlier times. At T „ ⇤DC confinement occurs in the

dark sector, and a fraction of the dark quarks is converted into dark baryons. The dark

baryons can undergo recombination annihilations, which have large cross sections, leading

to a late-time dark matter depletion.

When dark confinement takes place before freeze-out, annihilations are still governed

by the constituent cross section, provided that the typical velocities at freeze-out are large

enough. At lower velocities, the larger recombination cross section produces a late-time

dark matter depletion.

Taking all these e↵ects into account, Fig. 4.11 shows an estimate of the parameter

g

4⇡
⇤DC . m⇡ < ⇤DC mQ < ⇤DC

[ From:  A. Mitridate, PhD thesis]
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is made of Dirac particles so it exists for any choice of quantum numbers n, `, s. The stable

bound state is made of identical particles, so that a fully anti-symmetric wave-function

implies that it must have spin 1 in s-wave and spin-0 in p-wave. Moreover it can only be

produced from an initial state in the symmetric configuration. The main bound states

together with their key properties are summarized in Table 4.4.

If dark confinement happens after freeze-out, the thermal relic abundance of DM is

obtained by first solving the Boltzmann equations for the elementary dark quarks and

their perturbative bound states. Table 4.4 implies that the bound states are produced

from a repulsive initial state. This suppresses the production of stable and unstable di-

quark bound states at late times, where the kinetic energy is insu�cient to overcome

the repulsion. As a consequence, we find that the thermal relic abundance is mostly

due to perturbative annihilations boosted by the Sommerfeld enhancement, and by di-

quark bound state production at earlier times. At T „ ⇤DC confinement occurs in the

dark sector, and a fraction of the dark quarks is converted into dark baryons. The dark

baryons can undergo recombination annihilations, which have large cross sections, leading

to a late-time dark matter depletion.

When dark confinement takes place before freeze-out, annihilations are still governed

by the constituent cross section, provided that the typical velocities at freeze-out are large

enough. At lower velocities, the larger recombination cross section produces a late-time

dark matter depletion.

Taking all these e↵ects into account, Fig. 4.11 shows an estimate of the parameter

g

4⇡
⇤DC . m⇡ < ⇤DC

Reach on triplets at the LHC
[ from: Barducci et al. JHEP 1808 (2018) 017 ]

Estimated 95% exclusion from         final state3�W

500 1000 1500 2000

2000

3000
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m
ρ
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]

LHC s =13TeV
pp→3γW gρ=7

30/fb
300/fb

3000/fb

pp→l+l- 13 TeV

Figure 6: 95% CL exclusion in the m⇢ �m⇡ plane for g⇢ = 4 (left) and g⇢ = 7 (right) for 30, 300 and
3000 fb�1 of integrated luminosity. The shaded areas correspond the the region excluded by dilepton
resonant searches [31].

luminosities of 300 and 3000 fb�1, Our results, together with the present and projected exclusion 5

from dilepton searches, are illustrated in Fig. 6 again for the case g⇢ = 4 and 7. All together wee see
that the proposed analysis will be able to exclude, at the end of the high luminosity phase of the LHC,
triplet mass up to 1.2 TeV in the non resonant regime, limits that can be pushed up to ⇠ 1.8 (2.2)
TeV for g⇢ = 7 (4) in the resonant case.

From the previous analysis we can also envisage what are the main signatures for the detection of the
spin-1 SU(2)L triplet at the LHC. When its decays into a pair of pions is kinematically closed, the most
stringent bounds arise from dilepton resonance searches. In the opposite regime, the most promising
scenario is in the anomalous regime: y+y� ⌧ 1 , where one can exploit the clean anomalous decay
of the ⇡s to indirectly constraint the ⇢ mass. On the other side, in the tree level regime (y+y� . 1),
one expects the production of 4 transverse weak gauge bosons with a rich, and complicated, final
state. Notice that when the decay to pNGBs is allowed, the ⇢ tends to deviate from the narrow width
approximation, which is very well motivated when such decays are kinematically closed. In particular
we have that �⇢+/m⇢ = c g2⇢/(96⇡) where c & 1 and c = 1 when only the triplet is considered.

4.3 K doublet

The composite K doublet would be stable due to species number conservation in the confining sector
and in this case it would manifest itself either as charged tracks in the detector, for which current
bounds are of the order of 400 GeV [32], or as missing transverse energy. Its decays are instead
controlled by the elementary couplings y±. Before electro-weak symmetry breaking we identify two
main e↵ects which depend on the relative size of y� and y+. First, the mixing of K with the SM
Higgs doublet proportional to y� generates a coupling of K with SM states with the usual pattern of
a type-I two Higgs doublet model. These couplings, decomposed in scalar, pseudo-scalar and charged

5 The projected exclusion are computed by rescaling the upper bound on the dilepton cross section by
p

L0/L, where
L0 is the integrated luminosity of the ATLAS search [31] and L is the target integrated luminosity.

17

pp ! ⇡±⇡0

��

W±�

mQ < ⇤DC

⇡q

q̄ ⇡
⇢

⇡

⇡

q

q̄

[ From:  A. Mitridate, PhD thesis]
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Phenomenology:  Heavy quark regime  (               )M > ⇤DC
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E

mesons

glueballs

baryons

⇠ 7⇤DC

gluequarks

Glueballs couple to the SM only via loops of heavy fermions

Ex: in the L+N model

H
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Figure 4.11: Model with GDC “ SUp3q and a dark quark neutral under GSM. Left:
thermally averaged cross sections for annihilation and for bound states formation, assum-
ing mQ “ 10 TeV and ↵DC “ 0.1 (⇤DC « 30 GeV). Right: region where dark baryons
reproduce the DM cosmological abundance. A recombination fraction }B “ 0.4 is assumed.

is made of Dirac particles so it exists for any choice of quantum numbers n, `, s. The stable

bound state is made of identical particles, so that a fully anti-symmetric wave-function

implies that it must have spin 1 in s-wave and spin-0 in p-wave. Moreover it can only be

produced from an initial state in the symmetric configuration. The main bound states

together with their key properties are summarized in Table 4.4.

If dark confinement happens after freeze-out, the thermal relic abundance of DM is

obtained by first solving the Boltzmann equations for the elementary dark quarks and

their perturbative bound states. Table 4.4 implies that the bound states are produced

from a repulsive initial state. This suppresses the production of stable and unstable di-

quark bound states at late times, where the kinetic energy is insu�cient to overcome

the repulsion. As a consequence, we find that the thermal relic abundance is mostly

due to perturbative annihilations boosted by the Sommerfeld enhancement, and by di-

quark bound state production at earlier times. At T „ ⇤DC confinement occurs in the

dark sector, and a fraction of the dark quarks is converted into dark baryons. The dark

baryons can undergo recombination annihilations, which have large cross sections, leading

to a late-time dark matter depletion.

When dark confinement takes place before freeze-out, annihilations are still governed

by the constituent cross section, provided that the typical velocities at freeze-out are large

enough. At lower velocities, the larger recombination cross section produces a late-time

dark matter depletion.

Taking all these e↵ects into account, Fig. 4.11 shows an estimate of the parameter
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Phenomenology:  Heavy quark regime  (               )M > ⇤DC
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mesons

glueballs

baryons

gluequarks

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 –

 R.C., Mitridate, Podo, Redi  JHEP 1902 (2019) 187

Dilepton searches at the LHC 
exclude

Ex: in the V = adj model

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

Phenomenology:  Heavy quark regime  (               )M > ⇤DC

⇠ 7⇤DC

⇠ NDCM

⇠ 2M

⇠ M

M< 1.0� 1.8TeV

M< 7� 13TeV
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Dark Pions as Accidental DM 

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

⇡ ⇠ (Q̄1Q2) U(1) :

(
Q1 ! e�i↵ Q1

Q2 ! e+i↵ Q2
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(Q̄1Q2) = 10, 30
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There is a way, however, to avoid such breaking.☞
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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

Lmass = M1 1�1 +M2 2�2

L5D �  1�2H
†
H,  2�1H

†
H

breaks species number U(1)3V
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†
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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
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Now let’s gauge an extra chiral U(1)D:

For            the representations are complex, 
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

[ RC, Podo, Revello  arXiv:2008.10607 ]
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•       and      are both thermal relics, DM abundance dominated by dark pion for smallB eD1±
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• Interesting correlation between collider searches and cosmological observations 
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Conclusions/Outlook

! Accidental DM is an attractive framework with several realizations (most involve 
new strongly-coupled dynamics, with the notable exception of Minimal DM)

! Current models are interesting though not completely satisfactory. For example, 
we still lack one with fully-fledged SM gauge coupling unification 

! Despite the dark quarks are charged under the SM, models with thermal DM are 
elusive due to their very high scale.  Exception:  chiral dynamics

! Cosmology can be completely different for dark sectors that are SM neutral and 
decoupled from the SM

See for example:   Morrison, Profumo, Robinson arXiv:2010.03586;  Redi, Tesi arXiv:2011.10565 

! Much work still needed (ex: models with non-thermal DM production)


