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The SM and its successful paradigm

1. SM = EFT with very high cutoff

- Higher-dim operators become irrelevant in the IR
- Accidental symmetries in the IR (approximate flavor and custodial, B, L)

- No ad-hoc global symmetries

2. Fermions in complex representations

- Bare masses forbidden. Masses explained in terms of couplings

- Only naturally light fields are observed
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e Experimental facts

- Dark Matter
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Not explained within the SM

e Experimental facts

- Dark Matter

- Baryogenesis

e Suggestive hints

- Fermion fields fill GUT multiplets + Gauge coupling unification

- We live in a very special point in parameter space

Observed rich chemistry requires a delicate interplay among different SM parameters
EX:

- My, heavier by ~ 1(10) MeV — free (bound) protons unstable

- mq heavier by ~ 1(10) MeV —>  deuterium (bound neutrons) unstable

- Me>m,— myg = 1.29MeV  —> hydrogen unstable

[for a review see Donoghue, arXiv:1601.05136]



Going beyond the SM

* Enlarge gauge dynamics to explain missing experimental
facts but maintain the SM paradigm

Request: 1. New physics must give DM candidate

2. New physics must not spoil unification of SM gauge couplings

Postulate: new dynamics (dark color G p~) and new matter (fermions)



Going beyond the SM

* Enlarge gauge dynamics to explain missing experimental
facts but maintain the SM paradigm

Request: 1. New physics must give DM candidate

2. New physics must not spoil unification of SM gauge couplings

Postulate: new dynamics (dark color G p~) and new matter (fermions)

Inthistalk:  focus on theories where Gpc gets strong in the IR and
the DM candidate is a bound state stable due to an
accidental symmetry

Barr, Chivukula, and Farhi PLB 241 (1990) 387
Antipin, Redi, Strumia and Vigiani JHEP 1507 (2015) 039



Type

Dark Baryons

Dark Mesons
(pions, quarkonia)

Dark Nuclel

Types of composite DM

Accidental Symmetry

dark baryon number U(1)pp

species number U(1);

G-parity

dark baryon number U(1)pg

Breaking

dim-6

dim-4 (hypercharge, Yukawas)
dim-5 (Y HH, o’ B, )

dim-6



Types of composite DM

Type Accidental Symmetry Breaking
I-----------------I
1 .
 Dark Baryons dark baryon number U(1)pp dim-6
1
1 1
1 1
- :
1
v  Dark Mesons !
! . . 1
1
1 (plons’ q Uarkonla) : SU(N) techni-color. Yukawa  Allowed | Techni- Techni-
e . Techni-quarks couplings N pions baryons under
NTF:3 8 8,6,... fOI“N:3,4,... SU(3)TF
U=V 0 3 3 VVV =3 SU2)z
UV=N®L 1 3,..,14 | unstable NNx =1 SU(2)r,
b NTF =4 15 %, 20/, 000 SU(4)TF
Dark Nucleil C=V@®N 0 3 3x3 VVV,2WVNN=3, VVN=1| SU©2);
V=NoLaFE 2 3,4,5 | unstable NN* =1 SU(2);,
Nrtp =5 24 40,50 SU(5)r
UV=ValL 1 3 unstable VVV =3 SU2)r
UV=N&LoL 2 3 unstable NLL=1 SU2)r
= 2 4 unstable NNLL,LLLL =1 SU(2)z,
Nrp = 6 35 70,105’ SU(6)TF
: e : - V=VoLON 2 3 unstable VVV, VNN =3 VVN=1| SU2).
SyStemath C|aSSIfICatIOn In:. V=VaLOE 2 3 unstable VVV =3 SU(2),,
V=NaLoLoE 3 3 unstable NLL,LLE =1 SU2)r
Antipin, Redi, Strumia, Vigiani = ’ e R
TF = TF
JHEP 1507 (2015) 039 V=LaLOE®E®N 4 3 unstable LLE,LLE,LLN,EEN =1| SU(2).
U=NoLGE®V 3 3 unstable VVV,VNN =3, VVN=1| SU(2).
Ntrp =9 30 240 SU(9)r
U=Q@D 1 3 unstable QQD =1 SU(2)r
Nrp = 12 143 572 SU(12) 1
T=QaDoU 2 3 unstable QQD,DDU =1 SU(2)r




Type

Dark Baryons

Dark Mesons
(pions, quarkonia)

Dark Nuclel

In this talk:

Types of composite DM

Accidental Symmetry Breaking

dark baryon number U(1)pp dim-6

species number U(1); dim-4 (hypercharge, Yukawas)

G-parity dim-5 (Y HH, Yot B,,)
dark baryon number U(1)pg dim-6
XDM ™~ (Qg) GlueQuark ( @ in the adjoint of SU(Np¢))

Previously considered in the context of SUSY (glueballino) where:

- no SM interactions
- glueballs stable
- different thermal history

Boddy, Feng, Kaplinghat, Tait PRD 89 (2014) 115017
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q = adj of SU(Np¢)

Models

By <0 Bo <0 By >0
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q = adj of SU(Np¢)

Models

BO <0 50 <0 BO >0
: conformal
chiral SB window AF lost
O O O O | O O O > Nf
0 1 2 3 4 5 . §)
| | N;m't =— |
I
B(8)
PR
B
4 Branch | Branch Il /
B \/5 :
Al 13 | 8 : :
| Branch | : Branch Il : : :
gL LN | | T
| | | \ | I |
| E_\ \ I ! | | A M A
A ™M ,E N ™ N\ E



Theories with viable DM candidates:

* Fermion representations (pseudo-)real or vector-like under SM

* DM candidate EM neutral

* SM charges under SU(2).xU(1)y allowed; theories with SU(3)c charges strongly constrained
(ex: fractional charge states, heavy nuclei), see: De Luca et al. 1801.01135

SU(Npc)xSU(2)L xU(1)y Accidental symmetry
Nr=1 (adj,1)g = N /5 broken by dim-6
Nf=3 (adj,3)0 =V /5 broken by dim-6
Ny=4 (adj,2) 4172+ (adj,2) 12 = [+ L U(l), broken by dim-5

(LG,,0M™ ()

Nf =9 (CLdj, 5)0

Nf:6 (adja 3)—I—l T (adjv 3)—1
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Theories with viable DM candidates:

* Fermion representations (pseudo-)real or vector-like under SM
* DM candidate EM neutral

* SM charges under SU(2).xU(1)y allowed; theories with SU(3)c charges strongly constrained
(ex: fractional charge states, heavy nuclei), see: De Luca et al. 1801.01135

SU(Npc)xSU((2)LxU(1)y Accidental symmetry
------------------------------------------------------------------------------------------------------- SUSY CaSE -++-vrremrrrmrremmrsmissicsisin i,
Nr=1 (adj,1)g = N Zo broken by dim-6
-------------------------------------------------------------------------------------------- other best candidate .- oo
Ny=3 (adj,3)0 =V Z5 Dbroken by dim-6
Nf —4 (adj, 2)+1/2 + (adj, Q)—1/2 =L+ E U(l)q broken by dim-5

( LG, 0" )

Ny=5 (adj, 5)o <«— Landau pole for SU(2). below Maurt
N¢=6 (adj,3)41 + (adj,3)_1 <«— Landau pole for SU(2).xU(1)y below Mgur

except for Npc=2
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Benchmark model: Q=(adj,3)o

e Accidental stability

Lpark = QTo"iD,Q — mQQ accidental Z»:

2
Ix

AL ~
Aty

HUiEJ"VQiGMV —>  I(x = hw) ~25x 107" TeV g [

Ty > Tuniv ™~ 10'7s

Q= -0

1015 Ge\/r[ A

AUV 1 TeV

— T <6.5x10% TeV

||

Mg
100 TeV

|
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Benchmark model: Q=(adj,3)o

e Accidental stability

Lpark = QT"iD,Q — mQQ accidental Z2: Q) — —(@)

2
AL ~ ACIQX Ho'to" Q"G —»  T(y = hv) ~ 2.5 x 107°0 TeV g% [
Uv

101 GeV

Ayv

||

A
1 TeV

Ty > Tuniv ~ 1075 = T < 6.5 x 107 TeV

Even: @ (glueball), Q) (meson), ...
* Spectrum {

Odd:  x~(Q9) (gluequark), QQQ , ...

|

Mg
100 TeV

|



10

Benchmark model: Q=(adj,3)o

e Accidental stability

Lpark = QT"iD,Q — mQQ accidental Z2: Q) — —(@)

2
Ix

AL ~
Aty

* Spectrum {

o (Glueball

101 GeV

Ho'to"' Q'G,y = T(x = hv) ~ 2.5 x 1070 TeV g% [ <
uv

Ty > Tuniv ~ 1075 = T < 6.5 x 107 TeV

Even: @ (glueball), Q) (meson), ...

Odd:  x~(Q9) (gluequark), QQQ , ...

D(® — yy) ~2x 102

AT Mg
1 TeV 100 TeV

(G,

U

S

) (Wpe)?

9

|
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e Stable glueballs

Constraints from glueball decay / relic density

(¢ > 10'7s)

£~1—4
Mg /T ~ 20—40
Relic densit Qg gh? = O . M o Mg < 8—64 eV
Z = > — e
y ®:0 f Mcp 1eV o~
T = temperature of dark sector at the
glueball chemical decoupling
& = ratio of entropies in visible and dark
sectors at kinetic decoupling
S Formation: ST VA Mg > 5KeV
fructure Formation: —Tor S -Msp > o < €

2 2
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e Stable glueballs

Relic density:

Constraints from glueball decay / relic density

(¢ > 10'7s)

E~1-4
Me /T ~ 20—40

Qg oh* = Oj <J\Z) (f\g’/) > Mg < 8—64 eV

T = temperature of dark sector at the
glueball chemical decoupling Glueball DM

does not work
& = ratio of entropies in visible and dark

sectors at kinetic decoupling

3 1

Structure Formation: Tl < = Mg3? > Mg 2 5KeV

2 2
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Constraints from glueball decay / relic density

e Stable glueballs (1o > 10'7s)

E~1—4
Mg /T ~ 20—40
Relic densit Qg gh? = O . Me o Mg < 8—64 eV
: = > —
y ®,0 f Mq) 1eV A~
T = temperature of dark sector at the
glueball chemical decoupling Glueball DM
. T does not work
& = ratio of entropies in visible and dark

Structure Formation:

* |Long-lived glueballs

10%2s < 7 < 10'7s

ls <719 < 10125

Te < 1s

sectors at kinetic decoupling

3 1

excluded by indirect detection (diffuse y-rays spectrum)

excluded by BBN constraint on primordial Helium abundance

allowed
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Gluequark DM:

Temperature
A

Mg +

Tto~ Mg /20

thermal history for Ma>A
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Gluequark DM:
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Temperature
A

Q
Mg +

thermal history for Ma>A
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Tto~ Mg/20 Perturbative freeze-out
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—4
PR~ G

—3
pr~a

Gluequark DM:

Q

Temperature
A

Q
Mg +

+ A Dark confinement

T'xyp Matter dominance

/
T TMD

thermal history for Ma>A

I'=ng(ov) ~ H
g

T Lo~ Mqg/20 Perturbative freeze-out
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Gluequark DM: thermal history for Ma>A

Q g

Temperature

A

Mg +

4

—4 i

PR~ Q
—3 : +4

PM ™~ A :

v
+ ——

~3/2

PR~ Q /;
v 1

I'=ng(ov) ~ H
Q g

Tto~ Mg/20 Perturbative freeze-out

A Dark confinement

T'xyp Matter dominance

/
TMD ApR|<1> dominates
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Gluequark DM: thermal history for Ma>A

Q g
Temperature
A I'=ng(ov) ~ H

Q g
Mg T
T Lo~ Mg /20 Perturbative freeze-out

Dilution of the DM abundance

N A Dark confinement
pr~a”* i |
pMNa_S + T p Matter dominance
i /
+ T Tump Aprle dominates
~3/2
pr~a"? —>
M Tdecay
i 7@
Tfo

3 T 3a—3
QDM — Qnaive afo — Qnaive decay
DM &fo DM

Example of out-of-equilibrium decay
[ see for ex: Kolb and Turner par. 5.3]
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Gluequark DM: thermal history for Ma>A

Q g
Temperature
A I'=ng(ov) ~ H

Q g
Mg T
T Lo~ Mg /20 Perturbative freeze-out

N A Dark confinement
4 .
PR~ G | (possible) 2nd freeze-out
ow~ad T I'vp Matter dominance
v / X+x — (QQ) +P — nd
+ T Tump Aprle dominates
~3/2 T
PR~ 04 / o ~ F (geometrical)
v 1 Tdecay
(2) _ Two scales:
T Tfo Non-perturbative ~ 1/A
freeze-out R, ~1/A
My ~ Mq
large and heavy bound state
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Gluequark DM:

Temperature
A

Dark confinement + A

Non-perturbative + T, ~ A /20

freeze-out

thermal history for Ma<A

A7
X+x = (QQ)" + & — n® 7T A2

Glueball decay is prompt, DM non-perturbative
annihilation always active

Only one scale: M, ~ A ~1/R,

Same regime as Accidental Composite DM
(w/ vector-like dark quarks)

[ Antipin, Redi, Strumia, Vigiani JHEP 1507 (2015) 039 |
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Dark quark mass Mg in GeV

- |socurve of observed relict density

CMB bound

L L Ll | [ | [ | g L L LI
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Dark quark mass Mg in GeV

— isocurve of observed relict density
A : dilution from matter dominance effective, no 2nd freeze-out

B : dilution does not occur or too weak to prevent 2nd freeze-out
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Dark quark mass Mg in GeV

— isocurve of observed relict density
A : dilution from matter dominance effective, no 2nd freeze-out
B : dilution does not occur or too weak to prevent 2nd freeze-out

C : perturbative freeze-out does not occur

CMB bound

10° 10! 102 103 10% 10°

Dark confinement scale Apc in GeV



— isocurve of observed relict density
A : dilution from matter dominance effective, no 2nd freeze-out

B : dilution does not occur or too weak to prevent 2nd freeze-out

C : perturbative freeze-out does not occur

> .
O 107 _
k= -
g ]
= 106 e
o -
- 10° i
- =
= -
= B
o N
f‘g 10* z
a) | CMB boundI -
/ ) '

. .

10° 10! 2 103 10% 10°

Dark conffnement scale Apc in GeV

distortion of power-spectrum from
X + x — n® — photons/leptons

15
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| CMB bound : \

\
/ \
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Dark quark mass Mg in GeV

— isocurve of observed relict density
A : dilution from matter dominance effective, no 2nd freeze-out

B : dilution does not occur or too weak to prevent 2nd freeze-out

C : perturbative freeze-out does not occur

| CMB boundI

/ \
L L Ll | [ | [ | I\ | [

10° 10! 2 103 iy Masyps

pheno similar
to ACDM

Dark conffnement scale Apc in GeV

distortion of power-spectrum from
X + x — n® — photons/leptons
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Phenomenology: detection
* High-mass region:

- glueball too heavy or too weakly coupled to be detected at colliders

- DM direct detection rate too small

X X X X |

<+— EM neutral constituents:

1% 114 Y small EM dipole moment
A A

- DM indirect detection may be possible w/ future data/experiments
| y-rays; cosmic rays; neutrinos |

- gravity waves from 1st-order dark phase transition
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Phenomenology: detection
* High-mass region:

- glueball too heavy or too weakly coupled to be detected at colliders

- DM direct detection rate too small

X X X X |

<+— EM neutral constituents:

1% 114 Y small EM dipole moment
A A

- DM indirect detection may be possible w/ future data/experiments
| y-rays; cosmic rays; neutrinos |

- gravity waves from 1st-order dark phase transition

* | ow-mass region:

2 92 A2
T 1672

- robust prediction: SM-charged pions at ~ few TeV m

- SM-neutral pions can be much lighter ( miNMQA) and easier to detect

=

fixed by
relic density



17

Conclusions

Gluequark DM has distinctive features compared to other composite candidates:

/> accidental symmetry (operator dimensions different)

heavy and large bound states (for Mg > A )

different thermal history

small EM dipole (neutral constituents)
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Conclusions

Gluequark DM has distinctive features compared to other composite candidates:

- /2 accidental symmetry (operator dimensions different)
- heavy and large bound states (for Mg >A )
- different thermal history

- small EM dipole (neutral constituents)

Two mechanisms enhance DM relic density:

1. dilution from Matter Dominance

2. non-perturbative annihilation

Most of parameter space already excluded by BBN, CMB.
Two allowed regions: High Mass ; Low Mass

Detection: - indirect; gravity waves (high mass)
- pions at future colliders (low mass)



- Extra slides



Constraints in the plane (Mq, A)

Al\l e) Rﬂ& | Stwétine A3

demst

| i ]
— - —
| | |
| |

0.1eV 1-10 &V 1 KeV 1MeV N\



