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Beyond Standard Model

¢ Dark matter: WIMPs & axions

¢ Energy scales & couplings

¢ Electroweak symmetry breaking
¢ Grand unified theories

¢ Supersymmetry

¢ Extra dimensional models
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Beyond Standard Model

The Standard Model is a very successful theory
of particle interactions

 Electroweak interaction tested at 0.1-1 % level
 Basic strong interaction ingredients are
confirmed, however perturbative calculations get
very difficult at low Q% due to large a.

« SM describes well all observed phenomena
upto now with the exception of v oscillations

* Observed interactions are a dynamical
consequence of symmetries ("gauge principle”)

No, most

Is the Standard Model "the final theory™? probably!

At least since SM doesn’t include gravity!!
Gravity is extremely weak: my,? / mp? ~ 10738 WHY?

Why the observed hierarchy of fermion masses ?
Why 3 families of fermions ?
Why this bizarre gauge group combination ?

gauge group = G = SU2)® U(1)y ® SU(3)¢

q= (2 , 1/3 3)
ug = (1 4/3 | 3)
matter fermions = dg= (1 , -2/13 3)
L= (2 , -1 1)

er= (1 , -2 1)
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Dark matter

Possible indications of physics beyond SM ?
Dark (i.e. non-luminous & non EM radiation absorbing) matter
in the universe see e.g. PDG review on dark matter

Seen e.g. in galaxy mass distribution

velocity, v

observed

radius,R

expected
from
_ luminous disk

v(R) « /M(R)/R,
M(R) enclosed mass [
Stars & gas predicts vR 1 but vR) ~ const. for
most galaxies = dark halo with M(R) « R or p(R) o< R™?2

. M33 rotation curve

Rotational speed measurements
. for galaxies (above) and mass
:; density measurements
from gravitational
lensing (left)
iIndicate =
Luminous stars

contain only
y .- small fraction of
total galaxy mass
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Some of the light
;sssh g'al J

1 of galaxi ur-
0 d ing dark m \te directly in the:
f sight between Earth and the
d(tglyThdk matter's gravity
ding the incoming light.

cal Point:
3F i oinf

Most of this light is
scattered, but some is
focused and directed toward
Earth. Observers see multiple,
distorted images of the background
galaxy,
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Big Bang
gravity

)

Hubble Deep Field " HST - WFPC2
PRE9E1a . ST 5ol OPO - Januar Alama (ST S, NASA

Dark matter dominates matterin our
universe = governs structure formation

2 extreme forms of dark matter possible:
hot (relativistic) and cold (non-relativistic)

Relativistic particles escape {from structure formation =
galaxy formation indicate most dark matter cold: CDM

Dark matter must be stable on cosmological time scales,
interact weakly with radiation (“electrically neutral”) &
matter (no strong interaction) plus have right relic density

Baryonic candidates: primordial black holes e.g. Massive
Compact Halo Objects (MACHOs) — not sufficient density,
stranglets e.g. a uuddss-quark particle with mass < 2m,_.

Non-baryonic candidates: sterile singlet neutrino (v mixing
angle 8 « 1), dark photons (vector boson with mass < 2m,
& only decay to 3y possible), weakly interacting massive

particles (WIMPs), axions — particle physics discoverables

An obvious WIMP would be a heavy neutrino but a SU(2)
doublet neutrino (m,, > m,/2) gives too small relic density.
Historical candidate: lightest supersymmetric particle (LSP)
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Matter & energy in the universe

-

Supernova measurements (SNe):

measure brightness — distance: B = L/4nd?
measure host galaxy redshift — recesion velocity
test nonlinearity of Hubbles law at large distances

Cosmic microwave background (CMB):
measure size of CMB anisotropy (last baryon-y scattering

surface) — estimate of energy/matter density of universe
20 D

odg review on| Galaxy clustering,
cosmological | baryonic acustic
parameters  oscillations (BAO):
- measure galaxy clustering
- as “tracer” of dark matter
- distribution vs redshift —»
- estimate of matter density
Qx = Px / Peritical
critical density
for flat universe

Peritical — 3H2/ STEGN

15§

H=h-100 km/s/Mpc
CMB + lensing (Planck):

0.5
. | h=0.674+£0.005
,,, Qo = 1.011 £ 0.006 so
Ners ﬂ agrees with flat universe
.
aol :_ ~, Cosmological constant:
0.0 0.5 0 Q) = 0.685 + 0.007
2 Q. =0.315+0.007
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Matter & energy in the universe

Dark energy (= cosmological constant) constitutes the
largest fraction of energy/matter in our universe !!

Ouea = O+ Q1 MATTER/ENERGY inthe UNIVERSE

matter dark energy ToTAL
MATTER COMPOSITION I DARK ENERGY
1 1402
Matter: [
Q=82 +2 + Qg = 0.315+0.007
baryons cold dark matter l°-”*'-°-'

Baryonic matter : -
Qb: 0.0492 + 0.0008 I 01

BARYONS -
stars, gas, brown & white dwarfs T owwom L

NEUTRINGS

rndu ..,.,,\0.01

STARS

I 0,008+/-0,002

Cold Dark Matter : toom
Qcpu~ 0.264 +0.005
WIMPs (Weakly Interacting 0.001

Massive Particles), usually
neutralinos, or axions 0
NB! If Planck & BAO is combined, O, & h (Qcpm & Q) in-
crease (decrease) slightly but overall picture looks similar.
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DM generation

First equilibrium DM + DM < OM + OM,
then DM + DM - OM + OM vy
(when T of universe > mp,,),
finally expansion of space

dilutes density of DM'’s so that
DM collisions happen too _—
rarely and the total number  deusity
of DM’s stops changing.

Density
evolution

~¥

e Asymmetric DM: Qe
Relic DM abundance arise from
asymmetric probabilities of DM

Symmetric

& DM processes (< baryon-anti- component
baryon asymmetry in universe?).

Relic density directly related %’ —
to these CP violating processes. \If‘

* Freeze-in:

Collision processes produce DM’s that from start
are diluted so that they can graduallly accumulate
at cosmic times. E.g. the lightest observable-sector
particle decays to DM with a relatively long lifetime.

* Non-thermal production:

DM production process is out of thermal equilibrium
("non-thermal”). E.g. via decay of "mother” particle,
topological defects, moduli or gravitational effects.




Consider a particle x:
- subject to xx = ==
- ‘heavy’ (e.g. 100 GeV)
- ‘stable’
- in an expanding Universe
- symmetric abundance

|

"neutral”, very long lived
(life time ~cosmological scale)
weakly interacting particle,

limited self-interactions

T 1
S 5 5 5
I TR TR

b R R R R i R R R R R R
r 1
'§‘ By =t B o st arps pret s e s s s Ty s

1 I
10 100
x=m/T (time -)

Boltzmann equation XxSff xx—ff xx—»...

e T

1 ———r—

J

in the Early Universe:

/

6 10~2"cm3s—?

<Uz11111U>

Q‘\' ~

Increasing <o,v>

Relic QDM ~ (.23 foe

(Cann?) = 3 - 107 CIAT .

Comoving Number Densit

Weak cross section:
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WIMP searches

« accelerator-based: (a) missing (transverse) momen-
tum due to WIMP production; (b) excess or bump of
jet or lepton pairs produced by a dark mediator

 direct detection of WIMPs from galactic WIMP halo in
terrastial detectors; (a) (in)elastic scattering off a
target nucleus giving rise to measurable nuclear recoil
(b) scattering off bound electrons (for WIMP masses <
GeV giving WIMP-nucleus scattering energy transfers below

detection threshold) or absorption via “axioelectric” effect
(for axions or dark photons, analogous to photoelectric effect)

Direct Detection Experiments

P [
<

102'eV peV neV ueV  meV eV keV  MeV GeV TeV M,
1 I |_."I L I L1 I L1 I Ll I L1 I L1 I L I L1 I L1 I"“I I 1
1 " pre-infl. QCD axion g < general thermal WIMP ’
post-infl. sterile
fuzzy DM dCD axion neutrino ADM
“classical” <
QCD axion non-thermal WIMP (FIMP)
* > Al
QCD axion standard
thermal WIMP
(e.g. SUSY neutralino)
10738 \ 100
o \“ DAMIC (2020) pdg review on l10-2 &
No WIMP € 1o CDMSlite (2018) 10 o
2 2 dark matter =
signal S S
9 10742 )
g ”
observed ¢ i
%))
o o
= WIMP 5w 2
. o Q
direct 9 v
. o 10_46 X :C5
c l10-10
detection £ N 100d
. . = Neutrino fog k‘f'r-f—rz,:,,;‘—f—;jf‘ E
limits S 107 7 (202 ot
0
-50 . . - : -14
10 1071 100 10! 102 103 10}0
WIMP Mass [GeV/c?]
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Axions

Axion
A very light neutral scalar boson, originally proposed by

Peccei & Quinn: pseudo-Goldstone boson from a broken
U(1) symmetry introduced to cure CP problem of QCD.

Motivation: CP violation in QCD not observed, stringent
limits (< 10719) from neutron electric dipole moment. Axion
field term in the QCD Lagrangian would compensate the
CP violating term ©,. Coupling o< f,~! very small to matter
due to the high scale of the U(1) symmetry breaking.

Loep.cpviol = (a, / 87) (®i — ¢A/ S )Gﬂm G,ZV ~0
Axion density contribution (pre-inflation U(1) symmetry breaking)

Q h*~0.12- (6 peV/ m )19 = masses 10~ to 103 eV most

interesting as dark matter (assuming ®; ~1 in axion potential);
Axions can constitute CDM due to their non-thermal production.

107

SN1987A

=

10716 3
-17 ~
10 g
—18 ()
10 it
=

3

72}

- Baryakhtar et al.

10—20
0 A9 48 AT 46 45 AA 43 A2 Ay A0 9 8 1 _6 5 & 3 _1
A0 A0 A0 A0 A0 A0 A0 A0 A0 407407 A0 407 407 407407407 407 40
m, [eV]
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Axions

-

axion would interact weakly with matter
(coupling o £, 71; very small if £, » v > m, « m,).

Wi a 0,~1
Loep,cpyiol © (®i ~d,/ 1, )Gﬂ G, =0 ——om, f,xm_f,

Next-to-next-to-leading (NNLQO) order correction in chiral

9
perturbation theory gives: m, = 5.691 (wf—GeV) meV
A

Predicted decay A — yy in external E/B field presence
(coupling g4,, very model dependent).

LAW — (gA;/y /4)F,quﬂV¢A — _gA;/;/E ) B¢A
Also very small fermion (i.e. electron) coupling g possible

10
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for more details see e.g. PDG review on "Axions”

IV/11

Phenomenology 2026

Beyond Standard Model Kenneth Osterberg



Energy scales & couplings
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Energy scales & couplings
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Energy scales & couplings
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Energy scales & couplings
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Energy scales & couplings
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Energy scales & couplings
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Energy scales & couplings
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