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Standard Model:

neutrino neutrino neutrino
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Dark Matter:

Maybe too simple?




DM STABILITY:

Positron 34
Tp > 10

gamma

In the SM proton stability follows from accidental baryon
number conservation of the renormalizable lagrangian.

Cosmological stability of DM is often obtained imposing ad hoc
global symmetries, such as R-parity in supersymmetry.
Can DM be accidentally stable as the proton?

exotic multiplets of SM see Pancis il

new gauge interactions



Confining gauge theory with vector-like fermions

The visible sector couples minimally to the dark sector
through gauge and Yukawa interactions:
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Accidental symmetries:

® Dark-Baryon number

Q’L N 6’iOé Q’L > B — 67:17:1---7:71 leoél QO&Q o
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® Dark-Species number

Qi N 6’ia7; QZ > M — QZ Qj
Dark baryons robustly cosmologically stable:
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Very weak bounds from flavour, precision ftests and LHC.
Rich phenomenology for DM and also collider.



Models

- Q-complex (SU(N) fundamental)

Baryons and anti-baryons are different particles leading to Dirac
DM produced thermally or through an asymmeitry.

[Antipin, MR, Strumia Vigiani, 201 5]
[Mitridate, MR, Smirnov, Strumia, 2017]
[Kribs, Neil 2016]

- Q-real (SO(N) fundamental)

Baryon and anti-baryons are the same particle producing Majorana
DM.

- Q-adjoint
DM is a bound state of dark quarks and dark gluons, gluequark.

[Contino, Mitridate, Podo, MR, 201 8]



http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975
http://arxiv.org/abs/arXiv:1811.06975

- Light Dark Quarks: (mQ < ADC)
A

mpey

{ | ~100MeV

* If strong dynamics does not break chiral symmetries light composite
fermions lead to very different scenarios that interpolate between

elementary and composite DM.
[MR, 20]



https://inspirehep.net/literature/1813658

SU(N) classification:

SU(N) techni-color. Yukawa Allowed | Techni- Techni-
Techni-quarks couplings N pions baryons under
Nrp =3 8 8,6,... for N =3,4,... SU(3) 1
U=V 0 3 3 VVV =3 SU(2).
UV=N&L 1 3,..,14 unstable NN* =1 SU(2) .
Nrp =4 15 20,20/, . .. SU(4)1r
T=VaN 0 3 3x3 VVV,VNN=3, VVN=1| SU(@2)L
¥=NoLoFE 2 3,4,5 | unstable NN*x =1 SU(2)L
Nrp =5 24 40,50 SU(5) 1
v=VeoL 1 3 unstable VVV =3 SU(2)1
U=NoLolL unstable NLL=1 SU(2)L
- unstable NNLL,LLLL =1 SU(2)L
Nrp =6 35 70,105 SU(6) 1
v=VeL&N 2 3  unstable VVV,VNN =3, VVN=1| SU(2)L
v=VeLoFE 2 3 unstable VVV =3 SU(2).
V=NeLeoLoE 3 3 unstable NLL,LLE =1 SU(2),
= 3 4 unstable NNLL,LLLL,NELL=1 | SU(2).
Nrp =17 48 112 SU(7) 1
v=LoelLeoEeoE®N 4 unstable LLE,LLE,LLN,EEN =1 | SU(2)
v=NoLoEaV 3 3 unstable VVV,VNN =3, VVN=1| SU(2).
Ntr =9 80 240 SU(9)tr
v=QabD 1 3 unstable QQD =1 SU(2)L
Nrp = 12 143 572 SU(12)F
v=QeDsaU 2 3 unstable QQD,DDU =1 SU(2)1

SU(N) asymptotically free

[Antipin, MR, Strumia Vigiani, 2015]

— No Landau poles below the Planck scale.
— Lightest dark-baryon with Q=Y=0

No unwanted stable particles


http://arxiv.org/abs/arXiv:1811.06975

WIMP-nucleon cross section [cm?]

Ex: Composite “Wino”
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- Heavy Dark Quarks: (mg > Apc)

A
Npcmo - Dark baryons
2m g Dark mesons
mo
11
A Dark glueballs




Non-relativistic bound states N fermions:
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Lightest baryons are naturally made of a single specie.

e SU(3)
V=N&... DM = NNN I(JP):()@+>
V=Va... DM = VVV, I(JP):1<%+)
e SO(3)
_ b 117
V=LoNaV+... DM = LLL I(J):§<§)

Static properties of bound states:

mp ~ Npcmg Ep ~ Oé%)cNgch

[Mitridate, MR, Smirnov, Strumia, 2017]



http://arxiv.org/abs/arXiv:1811.06975

Glueballs:

Moy++ = 5Apc
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Glueballs need to decay before BBN:

TDG —I—tADC < 1s



Non standard cosmological histories:

mQ
A —
® Apc < o

Dark quarks freeze-out from dark gluons in the perturbative
regime,

SU(3 7 maj Qoo 6 Mo\’ [ 01\?
<Ovrel>QQ(_>)GG — 54 d Mgc Q+Q ~ C _
SM Q Qpn TeV aApC

Dynamics at confinement will determine the fraction that
recombines into baryons.

1 1/3 1 3
A(A) ~ T

[see Gouttenoire, Kuflik, Liu "23]

For Mq Z Apc baryons can re-annihilate reducing the abundance.
Late time decays of glueballs further dilute abundance.
DM turns out is also typically heavy.



Colored Dark Matter

- 1801.01135 withV. De Luca,A. Mitridate, ). Smirnov, A. Strumia


http://arxiv.org/abs/arXiv:1707.05380

DM should have no charge or color.

_:|111111111|1|11|1111:
450 5 10 15 20

log mx [GeV] [Mack, Beacom, Bertone '07]

Counter example “Dirac Gluino™:

L =Lsu+ Qi) — Mg)Q.

Q — (8, 1)0 MQ > AQCD



Stable hadrons:

2 9

— _ 7 2
a 3o Mo bEp 1437MQ ~
Ep ~ Agcp Agen
Unstable hadrons:
_ 243
['(QQ — gg) = —a3mg



Cosmological history goes through 3 stages:

* Perturbative freeze-out




e Hadronization at T~ 200 MeV

* Recoupling

e (@ - o

] 1

| 2 > nQ(! QCD )” V' # H(' QCD)

DM bound states are created in an excited state so they can be
broken by scattering with plasma. Deep bound states are formed if

energy O(T) is radiated before rescattering.
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1/2 quarks is bound in stable bound states and 1/2 annihilates to SM.
Only a small fraction of hybrids is left over!
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Critical mass: Mo ! (125 1) TeV



Only small fraction of DM ends in hybrid states. Constraints
are relatively safe but uncertain. Octet favourable:

- No fractionally charged hadrons.

- (Qg) may not bound to matter



Direct detection:

DM has "Rayleigh” interactions with gluons:

[Peskin-Bhanot ’79
see Brambilla et.al.’|5]

1
Hoa = | Q[CE EaZ + Cp EaZ]
" 20Tev ° 01 °F o P2
! | 2 1 45 2 n M E
>! 3 d cm M pwm 3 1.5#a3
8" , C 1
. Ce = "B |# #B 1
! E 3 N2! 1 |H8!E10|

ce =(0.36+1.17) a°



Indirect detection:

DM today has large annihilation cross-sections fo
rearrangement processes

QQ +(F@) ! (Q®@) +(Q3)

n 2
lreaViel ! "@%V | 4




Collider:

With enough energy DM is produced through QCD
Interactions:

p+p! Q&+ X

Q hadronizes in stable or long lived hadrons that produce
(charged) tracks:

QI Qg or QI Qaog

Mo < 15TeV @ s=100TeV

[Grilli di Cortona, Hardy, Powell ’16]

Bound states of DM can also be produced resonantly
producing di-jets signals.



SUMMARY

e DM from a confining gauge group, especially a baryon of a dark
gauge group, is a strongly motivated and viable scenario.

e SU(N) models generate complex DM while SO(N) models give real
DM with diverse phenomenology depending on the confinement
scale. With heavy quarks cosmology is non standard. If the dark
sector has SM charges it can be tested in various experiments.

e DM with color can be viable if it forms deep Coulombian bound
states with small traces QCD bound states. Dirac gluinos could be
tested in direct detection and future collider experiments.



made of color S n £ | Eg/Mg | Tapn/Mg Tdec/Mg | Annihilation
Q0 ls 0 1 0] 9a2/4 | 243a3/2 0 99
Q0 1g 1 1 0| 9a3/4 ~ oy ~ g 9999
Q0 84 1 1 0] 92/16 | 24303/32  ~af (q7) (HH*)
Q0 84 0 1 0] 922/16 ~ al ~ al ggg
Q0 8 0 1 0| 9a2/16 | 24303/64  ~af 99
Q9 8 1 1 0] 9a3/16 ~ g ~ aj g9g9g
Q0 ls 0 2 0] 9a2/16 | 243a3/16  ~ of 99
Q9 ls 1 2 0| 923/16 ~ ag ~ al 999g
0]0) 84 1 2 0] 9a2/64 | 24303/256  ~ o8 (qq) (HH)
Q9 84 0 2 0| 9a2/64 ~ ol ~ af gqg
Q0 8 0 2 0] 9a3/64 | 24303/512  ~ o} a9
Q0 8 1 2 0| 9a3/64 | ~aj ~ g 9999
0]0) ls 0 2 1| 9a2/16 ~ 0 ~ a$
0]9) ls 1 2 1| 9a3/16 ~ ag ~ al 99
0]9) 84 1 2 1] 9a2/64 ~0 ~ 0.1a3
0]0) 84 0 2 1] 9a2/64 ~ o ~0.1c5 | (qq) (HHY)
Q9 8 0 2 1| 902/64 ~0 ~ 0.103
0]0) 8 1 2 1| 9a3/64 ~ ag ~ 0.1a3 99
0]9) ls 0 1 0| 9a3/4 0 0 DM candidate
Q0 84 1 1 0] 9a2/16 0 0
QQ 8 0 1 0] 9a3/16 0 0
QQ ls 0 2 0] 902/16 0 ~ of
Q0 84 1 2 0] 9a2/64 0 ~ of
QQ 8 0 2 0] 9a2/64 0 ~ of
Q0 ls 1 2 1| 902/16 0 ~ af
Q9 84 0 2 1] 93/64 0 ~ 0.103
Q9 8 1 2 1| 9a3/64 0 ~ 0.1a3




Triplet colored DM:

Q:(3,1)0

gt q

Hybrids have exotic electric charge leading to strong bounds
that likely exclude the scenario.



Ex: Stable gluinos

Spin-off: Post-confinement effects reduce the abundance
of strongly interacting particles.
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ELECTRIC DIPOLE MOMENTS

EDM for SM particles generated with complex Yukawas:

WEAK " ’7" STRONG

Noc , TeV * Fi1pc 2

de! 10 ““edcm! Im(y_yRr)! 3 m .-  TeV

d. < 87! 10 % ecrr @ 90% CL.



Direct detection:

- SU(N): Z and Higgs mediated SI scatterings

- SO(N): Higgs SI x-sec and Z inelastic transitions.




