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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

GRAVITATIONAL
LENSING:

lAblhtS

Lghl
!mgbl glax,

n edge of the visible u

2 of ‘Dark Matter
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 “uy’ —_
to these CP violating processes. \1‘

* 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.
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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:

T HE A °
AL il A i ML RALL BAL RAL RAL ML R RAL BLL. L RAL ALY v-)

'§‘ T BT Pt e e st By pret s e s iy s 1 e = |

1 - P |
10 100
x=m/T (time -)
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f

PR .
(glt;]\/;zﬂ) ~ 3 o 10_26(:1'113/860 WIMP MLT'O\CLQ.!
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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,).

Lococrn < (0, =4,/ £)G" Gl < 0—"m, f, = mf,
Next-to-next-to-leading (NNLQO) order correction in chiral
perturbation theory gives: m, = 5.691 (%jev) meV
Predicted decay A — vy in external E/B field presence
(coupling g4,, very model dependent).
Ly, = (gA;/y /4)Fyvﬁw¢f1 = _gAWE’B¢A

Also very small fermion (i.e. electron) coupling g possible

10°° -
10-7 CROWS g

)

ALPS-I ]
OSQAR

Whit,
dwa r?s

1078 SN1987A
., lar v ST
102 : CAST Solar 1 )

SHAFT o
1010 LSS MWD Globular clusters Ditfuses

S uonoery
uonesIuo|

= ! 1T 6 5 A& 3 2 A0 A\ > X 5 o J
107307070740 107 407077407 10407407 A8 A0 AT AT 407 AT A8 40

m, [eV]
For details see PDG review on axions:
https://pdqg.lbl.gov/2025/reviews/rpp2025-rev-axions.pdf
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Energy scales & couplings
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Energy scales & couplings

Ene a4 dependence  of mpl“’iudﬂ;
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Energy scales & couplings

a Ex/ Feren kqgrqn:fqﬂ
= G (pY.n) (X7 V)
/ \ €|=r . GPEQ.

- — - 2
il az/hw
e

both work at low E

Imng‘.‘no_ all esop ﬁ’nza with d.<O
to seale (Tke

)? ~ Adi

R S

Ex// A s~ -‘R )
2

ot E << A\ the d\anqm?qs ™

accoratel descitbed b'a !

FSte st of c,mpﬁ"hgs with d=20O
Cx// mz ) \\\)"///

P -
o s, o e ——-‘K // \\
N\ /’ \

- Ko >§5« >&J 'FU“\X desciibe an
- elementary ( g_ﬁ.‘.«&ﬁkg\ fﬁ\%‘Q(Q= ]

Phenomenology 2026 .
Beyond Standard Model Kenneth Osterberg IV/ 14



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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Top quark

* top quark (t) discovered by the CDF & DY experlments
at the Tevatron in 1995 (SU(2), partner of the b quark)

* a most intriguing fermion : My, ~ 172.5 GeV (heaviest
known fundamental particle, x 40 heavier than b quark) —
clues about origin of particle masses (hyp= Miop/Vew ~ 1)

* top decays instantaneously and almost exclusively to

W + b quark (|Vy| ~1). T (t > Wb) ~1.4 GeV » Aqcp =

- no hadronization (no toponium or T mesons)?

- top decay purely an electroweak process (to first order)

b T W St:+1./2

t
L]
— —

St =+41/2 R¥ =0

\’ z
q g’ :
— & VWS
W

St==41/2 ¥ =-1
5T = £1/2

’

‘ b t

s @) SINNNNNNNN D>
— —_

forbidden Sg E T | /2 AWV = +1

J

Figure 1.6: Top decays: angular momentum conservation

polarlsatlon of
\ ’ q’

the top quark
transmitted to
the W-boson
SM
New Physics ?
Phenomenology 2026 . IV/19

Beyond Standard Model Kenneth Osterberg




Electroweak symmetry breaking

In Standard Model we have the Higgs mechanism to
explain the masses of W & Z

Direct observation of Higgs-like particle by ATLAS &
CMS experiments @LHC; m,, = 125.20 £ 0.11 GeV

Current wisdom: Electroweak symmetry breaking
generates longitudinal degrees of freedom for W & Z

Assume there is nothing beyond SM; will that work?

Possibly not due to metastable electroweak vacuum.

Unsatisfactory high-energy behaviour of Higgs quartic
coupling A if M is too large.

; 350 B T T T I T T T | T T T I T T T | T T T | T ]
)
S, N —— Perturbativity bound i
E: 300 — [ ] Stability bound -
N [ ] Finite-T metastability bound
A"t?lwed - B Zero-T metastability bound
Wi — Shown are 1o error bands, w/o theoretical errors .
strong 0 [~ =
fine- - i
tuning - .
200 — —
Unstable L[ my=125.20+0.11 GeV N
_ Tevatromexglusion at >95% CL
electro- __ ~
weak — |
vacuum
100
due to 4
corrections from scales A or smaller log, (A/GeV)
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Electroweak symmetry breaking

/T mmmm=- 5 a0 Linde 76,80
! 8—2y§ In = 1 Weinberg '76
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i 1 — =2 /y2 In Q Politzer, Wolfram 79
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Grand unified theories

GRAND ONIFICATION
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Grand unified theories

Sauvge: £
e W,
24 = (3,',9+(1,30)+(,10)
e (31 /_g) - (.%‘)1,%)
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Grand unified theories
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Grand unified theories

e.g. SO(10). In SO(10), all SM fermions fit into one
16-dimensional spinor along with a singlet that
naturally plays the role of the right handed neutrino.

If SO(10) -» SU(5) x U(1)xthen X = 2Y —5(B — L).
Then neutrino masses ~ 0.1 eV would most likely
be generated through the seesaw mechanism: i.e.
after GUT symmetry breaking m,, = (m2)? /M.yt
gives m,~ 0.1 eV if m? =~ vgy, & Mgyr = 1016 GeV.

Table 92.1: Quantum numbers in the 16 representation of SO(10)

State U(1)y Color Weak | SU(5) | U(1)x | SO(10)

Ve 0 -—— = - 1 -5

e 2 -—=  ++

u” 1/3 +-- —+

13 +—— -

u?d 1/3 —-+- —+

@ 1/3 —4+-— +4-— | 10 | -1

ub 1/3 —-——+ —+

d® /3 ——=+ +- 16
ug -4/3 —-++ —

ug -4/3 +-4+ —

ufy —4/3 ++- ——

 2/3 —++ 4+

& 2/3 -+ 4+

ds 2/3  ++- 4+ 5 3

v -1 +++ —+

e -1 +++ 4+

For more details see PDG review on Grand unified theories:
https://pdqg.lbl.gov/2025/reviews/rpp2025-rev-quts.pdf
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Grand unified theories
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Grand unified theories
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Motivation for supersymmetry

MOTIVATION

Why to go Beyond the Standard Model?

e Standard Model is an effective theory:
~20 parameters to be fixed by experiments.

e SM includes only part of the fundamental
interactions: Gravity is missing.

e

Hierarchy problem: mw /mpiancr ~ 10717,

e (Quantum corrections to particle masses:

Fermions
E.g. QED:

Lelect'ron e éwe -+ 1Mc€LER + MEREL:

- m, = 0 — chiral symmetry:
er, — er, egr — e€'“er
- m. . 0, quantum corrections:

om, =3c, log(E/AN)/4x -m, (small even if A = Mp)

Phenomenology 2026 .
Beyond Standard Model Kenneth Osterberg IV/ 28




Motivation for supersymmetry

Photon

Mass term m,QYA”A“ not invari-
ant under gauge symmetry.
— m., =0

Symmetries keep fermions and -y
light.

Scalars

BSM physics comes to play at
A physical upper limit in the
quantum corrections.

For scalar particles:

5m2 s d4k ", : \) o
(271')4 g “"é" == --h.( h{
i h?
~ A2 s f A2 (B Az.
1672 1672

Should be my ~ electroweak scale.
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Motivation for supersymmetry

e With suitable symmetry bosonic and fermion-
ic contributions cancel!
=—> Supersymmetry

e Volkov, Akulov, 1973;
Wess, Zumino, 1974

e In nature supersymmetric partners of the
SM particles have not been seen = SUSY
must be broken. To solve the naturalness

problem, must be

: 5 > = low-energy
|mB — mF| = O(l TeV ) supersymmetry

e Generators of supersymmetry, translation-
s and Lorentz-transformations satisfy a com-
mon algebra.

Consistency — supersymmetry is local.
— Supergravity (which includes gravity)

¢ Important ingredient in superstring the-

ories.
For more details see PDG review on Supersymmetry: theory:

https://pdqg.lbl.gov/2025/reviews/rpp2025-rev-susy-1-theory.pdf
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Supersymmetric models

SYPERSYMMETRY MODELS

Bosons: commutation relations
Fermions: anticommutation relations.

e An indefinite number of bosons can
exist at the same place at the same
time, whereas only one fermion can be
in any given place at a given time.

e The matter is made of fermions, while
the forces are associated with bosons.

Symmetries come in two types: external
(or space-time) and internal symmetries.

e Internal symmetries include the Stan-
dard Model symmetry.

e External symmetries include invariance
under Lorentz transformations.

e Particle spin is an external symmetry,
while isospin is not based on Lorentz
invariance and is an internal symme-
try.

Phenomenology 2026 .
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Supersymmetric models

Translations

¢ — 28 0V =
®(z) — ®(z + a); 6 = a*0,P

Lorentz

i — Alsl: ghy, invariant —>
— AH v

e SUSY is a space-time symmetry.

e A supersymmetry operation alters parti-
cle spin by 1/2, changing bosons into fermion-
s and vice versa.

e Supersymmetry is the first symmetry that
can unify matter and force.

Supersymmetry
6 = E(1—s)Y
6 = —iy*(1+ ¥5)€0,¢

¢ is fermionic, analogue of a* and A%

62010 = é_ﬂ’”(l a5 75)538”¢

= g* = (dsusy)? ~ translation
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Particles in supersymmetric models

MSSM (Minimal Supersymmetric Standard Model)

The particle content:
Two Higgs doublets

HY Hy
Hl,yz_l = Hll_ ) y H2,Y—_-+1 o ( HZO

Field Content of the MSSM
Super- Super- Bosonic Fermionic

multiplets field fields partners | SU(3) | SU(2) | U(1)

gluon/gluino Vs g g 8 1 0

gauge/ 1% w+, wo w* ,WO 1 3 0

gaugino % B B 1 1 0

slepton/ L (v, €r) (v,e7 )L 1 2 -1
lepton E€ €n en 1 1 —2
squark / Q (ur,dp) (u,d)p, 3 2 1/3
quark Ue UR UR 3 1 4/3
D¢ C?R dr 3 1 —2/3

Higgs/ Hy |(HY,Hy) |(HY,Hy) 1 2 ~1
higgsino H, (H;f, HY) | (H}, HY) 1 2 1

Two Higgs doublets needed to cancel gauge ano-
malies generated by higgsinos. Also without second
Higgs doublet, one cannot generate mass for both
“‘up”- and “down”-type quarks (and charged leptons)
in a way consistent with the underlying SUSY.
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Particles in supersymmetric models

MSSM (Minimal Supersymmetric Standard Model)

The particle content:

0 +
- | HByea=| S
=] — b y 1 — i
’ H; HY
particle sparticle
weak mass
interaction eigenstate
eigenstate _
q=1u, da C, dLa QR Squa‘rk qla 62 Squark
s,t,b
L=e T I, lr slepton li, ls slepton
.U, v D sneutrino v sneutrino
g i gluino g gluino
W+ W+ wino o
4 ~ . o st chargino
H; Hy hfggs%no X1,2 (1 lightest,
9 9 higgsino > next
¥ ;5, phOt ino lightest ...)
7 7 7ino nfutralino
= . " ~0 (% lightest,
H:(l) I!? hlggSan X1 2,34 1% lnext
HY H} higgsino lightest ...)
d, g, gravitino  (only in supergravity)
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Supersymmetric gauge interactions

Suf;wsymm dne qauge interachons

SU(3):

N

% & iy
W'\ . : ~ of :'\.a-"'
3 q 3 ‘\ﬂ \\R 3 ’.'

§ 3 9 3 4
9 3 3 ] q ~

- all verkices  controlled by g

7 B
P ] 3

'Y
Bl |
) 74

- qug.(’ric. seadar vertex ~ ig'; —

* H\'%s c'bto.rHc. couplfr\S determined by gaumge ntrackons

<R i
\\\ ”o“ .
., N %
o . ‘(St*ﬁs()
H M
B
— In +he Standard Model B e free prrametcs
’t - "‘ - y,g!!‘.zfl‘ = B
B

S
my = YAy, A

& in . SUSY my, 0(\/%:1'%1;, NoT oMy

Both vertex couplings & supersymmetric diagrams (to first
order) identical to Standard Model ones, only "dressed” by
supersymmetric partners NB! Higgs vertex couplings modified.
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Supersymmetric model parameters

Parameters of the models

Supersymmetric parameters:

e SU(3). x SU(2) x U(1)y gauge cou-
plings g3, g2, g1

e Higgs-fermion coupling matrices h,, hg, he.
e Higgs mixing parameter u

Soft breaking parameters (these do not bring
back the quadratic divergences):

e gaugino masses M3, My, M,
(= M of SU(3), SU(2), U(1)gaug|n03|e glumos wmo/zmo bino)

oq,lmassest2 Mé,M M , M

e Higgs masses m?, m3, b (b= soft Higgs
mixing parameter)

e H—qg—q, H — [ —1 interaction param-
eters Ay, Ap, Ag

Instead of m?, use Higgs VEVs vy, vs and
mass of one neutral Higgs (m4).

From the known myy, v2+v3 = (246 GeV)?
— the free parameter is tan 8 = vs/v;.

Phenomenology 2026 .
Beyond Standard Model Kenneth Osterberg IV/ 36




Supersymmetric model parameters

e General count of parameters is 124!

e The models can be experimentally con-
strained by
- direct searches of sparticles or by the
- quantum corrections to precision tests.

e One can also try to constrain possible
more fundamental theories by their low en-
ergy limits.

e The dimensionless parameters should re-

main perturbative in the energy range where
the MSSM is valid:

quantum corrections change the value of
the dimensionless parameters when using

different energy scales (RGE).

This way e.g. the mass of the top quark

bounds the values of tan (3 to certain range,

which depends on the scale up to which the
MSSM is valid.

RGE = renormalization group equations
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Supersymmetric model parameters

allowed mass range for top quark as function of tanf3
assuming that SUSY valid up to A = 10" GeV

'0 L ou | v'vll - Y | v v v ""VI" ey \ R ) TS, T |
- ) .'.‘ . . "'
PF Aa=10'gey- s -

D - Sl .
[ SRR TR S ik A . R
L U T L BN
$ 3

.........................
LE
‘e,

Mgoge=250GeV  (——=—}

Upn=mz (-}

e L
8 10

tang

Fig. 1. The region of tanf-m; parameter space in which all running Higgs-fermion
Yukawa couplings remain finite at all energy scales, u, from mz to A = 10'® GeV [79]..
Non-supersymmetric two-Higgs-doublet (one-loop) renormalization group equations:
(RGEs) are used for mg < p < Mgygy and the RGEs of the minimal supersymmet-
ric model are used for Mgygy < ps < A (see table 2). Five different values of Mgyqy are
shown; the allowed parameter space lies below the respective curves.
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Supersymmetric model parameters

e Interestingly in the MSSM the gauge cou-
plings change in such a way that they seem
to unite at certain energy scale.

This does not happen in the SM.

e Assume GUT. + measured sin 6y, (m,) & a;(m,):
Mgysy = few TeV
Moyr ~ 2 - 1016 GeV
agir(Mgyr) = 24.3

o [t is often assumed that in addition to the
gauge coupling constants also the gaugino
masses, scalar masses and trilinear A-terms

unify at the GUT scale or Planck scale:
"constrained” MSSM (CMSSM):

gl(MX) - gz(MX) = 93(Mx) = gy, couplings

My (Mx) = Ma(Mx) = Ms(Mx) = myjs, 924"

ma
MC%(MX) e e M]%‘(MX) - m(z)la} scalar

(M) = mi() = md, ] ]
AU(MX) = AD(Mx) = AE(MX) = Ayl. sfernii

esS

S-

on

couplings
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*coupngs uni g

Supersymmetric model parameters

g 60 & 1/a

S0 All couplings
unite at a specific

40 Mgyt iN Minimal
Supersymmetric

30 Standard Model

0 (MSSM) but not
in the Standard

10 A Model (SM)

o 5 !

Predicted mgyt
in MSSM larger
than in SM and
therefore more

consistent with

the lower limits

on the proton

lifetime from _
experiments. 0 1
0 5 10 15
log Q
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Supersymmetric model parameters

SUPERSYMMETRY BREAKING

* spin-3/2 fermion gravitino, whose mass is related to

supersymmetry breaking scale A = \/3m gmvimzoM .
 breaking in hidden sector, messenger transmission
with coupling 4
Hidden W Visible p g d
SUSY breaking W MSSM

sector INTERA CTIONS sector

Gravity mediated supersymmetry breaking

e Supersymmetry breaking is mediated from
the hidden sector by interactions which are
of gravitational strength.

e Appealing: Gravity exists anyway.
superpartner mass splitting: Am?~ 1,A%
® Myravitino ~ €lectroweak scale, but inter-

actions suppressed by Mpjgncr. = large Ag+
very small 4,

e mSUGRA (Best studied SUSY model):

- Radiative symmetry breaking assumed
—> || determined. (through radiative corrections)

{Sgn(u) my, Ml/2) AO) ta’n(ﬁ)}

° The hghtest neutralino (or sneutrmo} 1s the LSP.
ightest supersymmetric particle

Phenomenology 2026 IV/41
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Supersymmetry breaking

Gauge mediated supersymmetry breaking

SUSY breaking Messengers | AU MSSM
sector 7 3.0 NN sector
X& P SM gauge /\

interactions

e Supersymmetry breaking is transmitted
to MSSM via gauge interactions.

e Messenger sector has particles with SM

~
N

quantum numbers.Gaugino masses: .

\
ARAL AL

black (green) lines MSSM (messenger) fields A
e The parameters are chosen so that the

gauge mediated effects dominate over the
gravity mediated effects
= M granitinio ~ €V-keV = 4; ~1

e Parameters: (mGMsR)

SUSY breaking scale

{A, M, tan(B), ns, sign(u)}.
o mp e o SU(§)

o e

* The gravitino is the LSP.
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Supersymmetry breaking

o] -
T
o 1/ﬁb\¢
pid Vet
cect™ e seet
lg
A -
%ne_ //3—/6 ranc

e Assume that the visible fields are in one
3+1 dimensional brane, while the hidden
sector 1s on another brane.

—> Anomaly mediated and gaugino me-
diated models. (supersymmetry breaking
transmitted through fields that live in the bulk™)

L\noma\y medlafion:

- 4avity generates soft ferms even if no direck
coupling between hidden and observable sectsrs

- soft ferms depend only on  ew scale coupling

cnelanss heavy gravitino =

- RGE invariant large Ag + very small 4,
- high pred((_+abili+7 — negahve slepton masses

— need some+h(n3 more
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Supersymmetry breaking

: Gravity

// mediation

Gauge
. mediation

/ Anomaly
\ mediation

I ! L i >
M; T MGUTT Mpe E
M A
messenger flavour
mass dynamics

Figure 1: A schematic illustration of the energy dependence of the running squark
masses belonging to the three different generations, in the context of the various
supersymmetric scenarios discussed in the text. In gravity mediation, new dynamics
at the scale Ar and GUT physics tend to induce large flavour-breaking effects in the
squark spectrum, even if we start from a universality assumption at Mp;. In the
case of gauge mediation. the squark masses can be generated at scales sufficiently
low to ensure a super-GIM mechanism. In anomaly mediation. the squark spectrum
is determined by the low-energy theory and it is insensitive to flavour violations
occurring at large scales.
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R-parity

Consistency with proton decay lifetime limits require
(global) B-L conservation = R-parity invariance

Numbor Spin +1 for
R = 1 3B+L+2S8— Standard
2 ( - ) et Particles
rd

-1 for Supersymmetric Partners

Rp Conserved Rp Violated

+ The LSP decay into
o SUSY particles are standard particles

pair-produced

o The LSP Is stable B eaisnd
(— neutral,colourless % Arncian do all othar
— good dark-matter SUSY particles
candidate) NB! Rp conservation not
¢ All SUSY particles required by neither SUSY
decay into the LSP or gauge invariance
Experimental Signature
o SUSY particles decay
¢ The LSP (neutral, into quarks, leptons,
colourless) interacts neutrinos.
only weakly with — Multijet, multi-

matter: it is invisible. leptons final state, not

— MISSING ENERGY | (necessarily) missing
energy!!
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Supersymmetric particle searches

Supersymmetric Particle Searches

All supersymmetric mass bounds here are model dependent.
The limits assume:

1) 5('(1’ is the lightest supersymmetric particle; 2) R-parity is conserved,
unless stated otherwise;

See the Particle Listings for a Note giving details of supersymmetry.

i? — neutralinos (mixtures of 7, Z’O, and /t/f))

Mass Mmoo > 0 GeV, CL = 95%

1
[general MSSM, non-universal gaugino masses]
Mass meo > 46 GeV, CL = 95%

[all tlanﬁ, all mg, all meo — m;(?]
Mass My > 62.4 GeV, CL = 95%
[I<tanp <40, all mg, all m;(g — m?(?]
Mass myg > 99.9 GeV, CL = 95%
[I<tans <40, all mg, all m%g —
Mass mso > 116 GeV, CL = 95%
[I<tans <40, all mg, all mig — m%o]
Mass my none 200-670 GeV, CL = 95%  [R-Parity Violating]
[wino production, X — b+ ¢/v + t/bvia X35 coupling]

—t , . Tt rras
X; — charginos (mixtures of W™ and H;")

Mass mex > 94 GeV, CL = 95%
1
[tan < 40, m_. — m_o >3 GeV, all mg]
Mass mes > 1000 GeV, CL = 95%
1
[20+E7, TchilchilC, m>~<0=0 GeV]

1
Mass mee > 1600 GeV, CL = 95%
1

[Tchiln2l , X — (£6F v, \op, #0, my = 1200 GeV]
1

[R-Parity Violating]

X* — long-lived chargino

Mass mes > 1050 GeV, CL = 95%
Xt — 5{‘1) 7%, wino LSP, stable]

Mass m . > 1050 GeV, CL = 95%
Yt — X97%, wino LSP,7=20 ns]

v — sneutrino

Mass m > 41 GeV, CL = 95%

Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tanf < 40, Mg M0 >10 GeV]

Mass m > 4200 GeV, CL = 95%  [R-Parity Violating]
[le + 1y, vy — ep, A=XN = 0.1]

[model independent]

€@ — scalar electron (selectron)
Mass m > 107 GeV, CL = 95% [all mgL—m%?]
Mass m > 700 GeV, CL = 95%_
[2¢0+E7, my, = my, and /=€, i, m-o=0 GeV
Mass m > 250 GeV, CL = 95%
[(X0F + B, @R, m_g = 0 GeV]

Mass m > 410 GeV, CL = 95%
: [>a%, 0 12, X0 = F6F]
X ‘Mass m > 1200 GeV, CL = 95% ~
[> 40 Ao, # 0, m_o = 900 GeV (m-degenerate ¢, V)]

TchilchilC: electroweak pair production of charginos )”(f:, where )2:1‘: decays
through an intermediate slepton or sneutrino to luf((l) and
where my ;, = (m).(-it + m).((l))/Q.

weakly coupling
sparticles (y, I, v
etc ...): difficult
to search for at
LHC = most
general limits
from ete-
collisions (LEP)
= lower mass
limits typically

~ 100 GeV.

LHC provides
much higher
limits for specific
decay modes
that are only
valid in more
limited regions
of the SUSY
parameter space.

Tchi1n2l: electroweak associated production of mass-degenerate
charginos 7 and neutralinos 79, where 7 decays to W* + 72 and
where 72 decays 50% of the time to Z + Y and 50% of the time to H + %Y.,

[R-Parity Violating]

[R-Parity Violating]
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Supersymmetric particle searches

fi — scalar muon (smuon)

Mass m > 700 GeV, CL = 95%
[20+Er, m; = m; and (=8, i, m =0 GeV] Stron,gly CO Lipl~|ng
Mass m > 210, CL = 95% 1 Spartlcles (q, g,
[(*0F + Er, fig, m—o = 0 GeV] .
Mass m > 94 GeV, CL :)&5% etC - ) easy to
[CMSSM, 1 < tanf < 40, mp=mso > 10 GeV] search for at LHC
Mass m > 410 GeV, CL = 95%  [R-Parity Violating]
[> a0, 75 IR0, %0 (£671] = lower mass

Mass m > 1200 GeV, CL = 95%  [R-Parity Violating]

[> 44, Mo # 0, m=o = 900 GeV (m-degenerate /0, )] Ilm'tS > ~ 1 —2 TeV

7 — scalar tau (stau)
Mass m > 81.9 GeV, CL = 95%

[me = mye >15 GeV, all 0, B(7 — 7X9) = 100%] For more details
Mass m > 500 GeV CL = 95% .
[2 hadronic 7 + B, T — TS(?, m;((l) =1 GeV] See PDG reV|eW
Mass m > 90 GeV, CL = 95% [R-Parity Violating] .
[Tr, indirect, Am >5 GeV] on Supersym metry
Mass m > 1200, CL = 95%  [R-Parity Violating] . .
[>40, Ao # 0, m_ 0= 900 GeV (m-degenerate 7, V)] eXperlment.

Mass m > 286 GeV, CL — 95% [long-lived 7] https://pdq bl _QOV/2

q — squarks of the first two quark generations

Mass m > 1.220 x 103 GeV, CL = 95% 025/reV|eWS/rpp202
[iets + E7, Tsqkl, 1 non-degenerate q, moo = 0 GeV] 5 2
1 - - - -
Mass m > 1.600 x 103 GeV, CL = 95%  [R-Parity Violating] rev Susy
[ — ax? X2 = €0y, Ap1. M2 # 0, mz=2400GeV] :
Mass m > 1000 GeV, CL = 95%  [R-Parity Violating] experlment pdf
[iets, § — q?cl), )7(1) — {qq, meo = 108 GeV and 2.5 < o < 200
1 1
mm]
G — long-lived squark Tsqk1: squark pair production with § - g7
— 0 P
Mass m > 1340 GeV, CL = 95% E R-hadrons] Tsbotl: sbottom pair production with b — bpz(l)
Mass m > 1250 GeV, CL = 95%  [b R-hadrons] 3 : e =
Mass m > 1350 GeV, CL = 95% Tstopl: stoI.) pair ‘pI‘OdIICthI.l w1tl.1 t ? tXi .
[long-lived , RPV, T — b(, 7 mm < cr < 110 mm| TglulA: gluino pair production with § — ¢gxj
b — scalar bottom (sbottom) Tstop2RPV: stop pair production with f — b, via RPV coupling )Z;;
Mass m > 1.270 x 103 GeV, CL = 95% ", p )
[bjets + 7, Tsbotl, m =0 GeV] A A" & A R_pa nty
e Ljk»* ijk ijk
Mass m > 307 GeV, CL = 95% [R-Parity Violating]
(b td or s, Nz, or Xy coupling] violating terms for lepton,
t — scalar top (stop) H
Mass m > 1.310 x 10% GeV, CL = 95% quark & both superﬁelds.
liets + #z, Tstopl, msg < 300 GeV] [, j, k generation indices.
Mass m > 1900 GeV, CL = 95%  [R-Parity Violating]
[t — be, prompt, Tstop2RPV] g — gluino
Mass m > 1800 GeV, CL = 95%  [R-Parity Violating] Mass m > 2.300 x 103 GeV. CL — 95%
[ — by, prompt, Tstop2RPV] ljets + 27, TglulA, my < 200 GeV]
1
Mass m > 800 GeV, CL = 95%  [R-Parity Violating] Mass m > 2.260 x 103 GeV, CL = 95%  [R-Parity Violating]
[t — b7, prompt, Tstop2RPV] [> 46, Ao # 0, meo > 1000 GeV]

Mass m > 460 GeV, CL = 95%
[R-Parity Violating, long-lived t, T — d7, 0.0lcm < c¢r < 1000 cm]
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Lower bounds on the LSP mass

Lower bounds on the LSP mass can be extracted e.g. in
constrained MSSM, where gaugino and sfermion masses
separately unify at the GUT scale. Free parameters: tanf,
M; /, (gaugino masses at GUT scale), m, (sfermion & Higgs
mass at GUT scale), u (Higgs mass mixing term), A, (trilinear
coupling in the stop sector) & m, (pseudoscalar Higgs mass)

Combining with LEP Combined Results
slepton, : L
Higgs &
chargino
searches
to constrain
lightest
neutralino. 50

m, (GeV/c?)

W
\S]
|

« large my =
large charglno
cross section

« smallmy =

deteCtabIe & 46 oot ‘ ,,,,,,,,, RO HltheCOI‘I‘ldOI‘
|ight sleptons Excluded at 95%CL NN

* Intermediate 2 . = "
mgy = combine tanf3
with Higgs search | m;¢p > 46 GeV

A more elaborate analysis in mMSUGRA (only tanf3, sign(u)
my, My, & A free) using also stable particle searches &
electroweak parameter constraints give mysp > 50 GeV.
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Higgs sector in supersymmetry

HIGGS SECTOR IN MSSM

H, Hr
w-(8). n-(%)

e Physical Higgs scalars: h, H, A, H*

e Tree-level Higgs potential:

V. = (lul* +mg,)(Hl® + 1B
+(|ul? + m3,)(HI? + 1B
+b(HSE] — HOHY) + c.c.
Corres- ¢+ g¢" 5
ponds to iy 8 (|H3|2 £ lf?kﬁz = |H2|2 . % |2)
Aterm— 1

of SM +§92 : Hy
-(I) = (@) =0
-(HI = @0
-VEVs and couplings real

Two Higgs doublets are needed in SUSY to (1) cancel gauge
anomalies (higgsino contributions in 3 gauge boson diagrams)
(2) generate masses for both “up”- and "down”-type quarks

Phenomeno logy 2026 .
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Higgs sector in supersymmetry

e The masses of physical particles are

mi — 25/ 8m20, m%,i — mi-l—m%‘;,
1

2

Mg = -2-[ 2A+m§

:F\/ (m? + m%)? — 4m%m? cos? 2[3] :

Here

h = (Hy —vs)cosa— (HY —uv;)sina,
H = (H) —wv)cosa+ (HY —vy)sina,
where

cos 20 m%4 —m%  sin2a m¥ + m;
cos 203 m%, —m2’ sin 203 mi —ma

o At tree-level:

2 2 2 2
mp <Mz s, My > Mz 4

2 2
mh+mH=m;24+mQZ.

: i it Eur. Phys.
Final combined LEP limit: L Cra

e Experimentally: my+ > 80 GeV  (2013) 2463
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Higgs sector: SM vs MSSM

In the Standard
Model

* One Higgs doublet
vev. Vv

* One physical state
H

* One parameter

=

In the M.S.S.

- Two Higgs doublets
vev's vyand v,

- Five physical states
h, H, A, H*, H-

CP-even CP-odd Charged

- Two parameters
(at tree-level)
Mh: TGHB = Vz/VI

- e - - - - -

Depend on Mg, Mgiopq.r) -
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MSSM Higgs

* In SUSY processes very often complementary e.g.
¢ e'ee>hA

Z

¢ e‘e > hZ

oc sin’(f3 — o0)o g,
?:‘-’L . m,, =175 Gev/C’ S P
= Look s
for both _ ?
processes 104
Couplings between
Higgses & the e -~
particles in MSSM: " s
uu dd, II- VV (v=zW)
h cosa/sinfd  — sina/cosf3 sin(B-o.)
H sina/sinB  cosa/cosf cos(p-a)
A cotp tanp 0
Kenneth Osterberg 1V/52
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MSSM Higgs

In exact Supersymmetiry: m,< m | cos 2 |

In broken Supersymmetry: m;2 < mz2+ Am,?

SUSY little hierarchy problem

SUSY needs new (super)particles that haven't been seen (yet?)
SUSY (at least MSSM) predicts a (very) light Higgs

3
b

2 12 2
V = (|u|? —Irm%,“) |HS‘2 + (| ] +m%{d) ‘Hgf — B(H°HY + c.c.) + % (|H2‘2 - ‘Hgf)

3Grmi. m?  terms with
2 2 .2 t i
~ 3“2 1 :
\mz\ "M, A Mz COS" 20+ V2?2 =6 m? A ignored
A\oo® m?2, —m?2 tan?p
one m2 /2 = —y2 4+ 1 H,
z/ ,u tan? 3 — 1

my = 125 GeV = mz = 2 TeV

3v2G pm?m?
omyy, = — V2Grmim; 10gA o5
. 472 mi \(\'\QX
requires fine-tuning at least O(1 %) to xx\® (0\0\(’/«\
get m, (SUSY vs electroweak mass scale)
20 — Pardo Vega, Villadoro '15 + many others

o

One needs heavy stop(s)

: o o obtain a 1256GeV Higgs
£ (within the MSSM)

Current lower limits on

52 a0 12 3 stop mass: ~ 1.3 TeV

(depends on stop

Figure 3:  Allowed values of the OS stop ¢ reproducing wy, = 125 Gl as o function of the stop miring, with.

tan s = 20, @ = 300 GelV and all th The band reproduce the theoretical uncerluinties

while the dashed line the 20 ceperim op mnss. The wiggle around the positive maximaol d eCa & LS P m aSS
wiring point is due Lo the physical threshold when my crosses My + . y
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Supersymmetry summary

Leptons Quarks GIqmo

Fermions

w
c
O
D
O
an}

Sleptons Squarks GlUon  Photon

A HIGGSINO
16 72 G Sy P
Two-loops: gluinos == O ( i mh) A e (20‘%)
=)
: SToP
16w e o sin 3 / 3 A UNre
One-loop: stops == O ( T m;b) Matop < 500 GV \/m\»/ i (W)
GLUINO
Tree-level: Higgsinos ==  O(my,) A : o
i . ; ] Mgluine < 1000 GeV bmﬂlog (A/ToV) ( 3 O%)
NMSSM (next-to-MSSM) ey ey S
includes additional H singlet mj,

requiring much less fine BSM

tuning to get m;, = 125 GeV

SUS\/ is Natural

but not plain vanilla

pMSSM treats 3rd
generation SUSY ‘
% pMSSM parameters indepen- \
8 NMSSM dently from 1st & 2nd
8 Hide SUSY, eg. smaller phase space

» reduce production (eg. split families)
Mahbubani et al

» reduce MET (e.g.&perfﬁ, compressed
spectrum) Csaki et al

> dilute MET (decay to invisible particles
with more invisible particles)

» soften MET (stealth susy, stop -top
degeneracy) Fan et al

CERN, July 2017

Good coverage of

hidden natural susy

> mono-top searches (bm, flavored
naturalness - mixing among different squark

flavors-, stop-higgsino mixings)
» mono-jet searches with ISR
recoil (compressed spectra)

» precise tt inclusive measurement+
spin correlations (stop — top +

very soft neutralino)

> multi-hard-jets (RPv, hidden valleys, long
decay chains)
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Gravity

Gravity and the SM |

The existence of gravity is the most solid argument that the 5M is not the
final theory.

e Gravity interacts with SM fields.
s At some high energy scale, Ap gravity will become strong, and quantum
effects must be incorporated. This scale could be Mp ~ 1012 GeV but (as

we will see later) it could also be much lower.

e This fundamental theory, would look like classical gravity plus the SM at
energies £ << Ap.

e In this sense the SM is an effective theory, valid (at most) up to Ap.

e Things lock bad, since classical gravity (general relativity) is a non-
rencrmalizable theory.

Gravity at short distances?

QL QuoueQag

a) b)
e The classical gravitational theory is non-renormalizable
EZ A A? E2
® ~ —Ler ~
Mpjanck Y0 ““Planck

e At higher orders it gets worse and worse.
e No clue as to what the short distance theory is.

This has been an open problem for more than 50 years.

RBayond the Standard Model, F. ¥iritsis

66
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Gravity and string theory

Gravity and String T heory

e String theory is a different framework for describing and unifying all
interactions.

e It has become popular because it always includes gquantum gravity, without
UV problems ( divergences)

e NMoreover it also includes the other ingredients of the SM: Gauge inter-
actions, chiral matter (fermions) and if needed, supersymmetry.

e It offers some conceptual features that are appealing to physicists:

(a) String theory ALWAYS contains gravity

(b} The existence of fermions implies supersymmetry at high energy.

(c) It has a priori no fundamental parameters but only one dimensionfull scale: the size
of the strings. All dimensionless parameters of a given ground state of the theory are
“dynamical” {(expectation values of scalar fields).

(d} It contains solitonic extended objects (known as branes) that provide an incredible
richness to the theory as well as a deep link between gauge theories and gravity.

VWhat is 5tring Theory?

Shift in paradigm: from point particle to a closed string.

e In QFT fields are “point-like”. In string theory, they depend not on
a point of space-time but a loop in space-time (the position of a closed
string).

what is the difference between a closed "fundamental” string and a loop
of wire?

(A) The fundamental string is much smaller: its size is definitely smaller than 10-1% m.
This would explain why we have not seen one so far.

(B} Apart from the usual degrees of freedom (their coordinates in space-time), funda-
mental strings have also fermicnic degrees of freedom. There a kind of supersymmetry
relating the coordinates to such fermicnic degrees of freedom.

Since the smallest length we can see today (with accelerators) is approx-
imately 10718 m strings would appear in experiments so far as point-like

cobjects.
RBayond the Standard Model, F. ¥iritsis
63
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String theory

String Theory, Vol 11

o Fundamental strings, like the analogous classical objects, can vibrate in
an infinite possible number of harmonics.

e Upon quantization, these harmonics behave like different particles in
space-time.

A single string upon quantization — an infinite number of particles
with cver increasing mass.

e Infinity of particles is responsible for the unusual properties of string
theory (and its complicated structure).

e Strings live in diverse dimensions. Lorentz invariances = 941 dimensions.
Although this seems to contradict common experience it can be compatible
under certain circumstances. How do we see the extra dimensions? More
on this later .....

String Theory, Vol III I

e In perturbation theory, standard QFT Feynman diagrams are replaced
with string diagrams (two-dimensional surfaces)

- — 0

——E 1
~O- —0=T

-
-

Reyend the Standard Model, F. HKiritsis

70
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String theory

String perturbation theory

& In QFT perturbation thecry is formulated using Feynman diagrams.

& In string theory we have Riemann surfaces. For closed strings, each
order contains a single diagram. At low energy, they reduce to the {(many)
QFT Feynman diagrams.

L0 + +

e String theory diagrams, when appropriately defined, give finite amplitudes
in the UV. Quantum gravity, which is part of string theory is essentially
finite.

Extra space dimensiaons

e The idea that space has extra, hitherto unobservable dimensions goes
back to the beginning of the twentieth century, with Nordstrém (1914),
Kaluza (1925) and Klein (1926).

e It comes naturally in string theory.
How come they are not visible today?

(A) Because they compact and sufficiently small.
(B) Because we are “stuck” on the four-dimensional world.

(C) Because they are of a more bizarre kind (for example, they are dis-
cretized appropriately)

Beyond the Standard Model, F. ¥iritsis

Tz
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Extra dimensional models

Extr JdfmenBoml models

¢ Problemalic Qsde‘ of SM:

L iy MC»U‘\'zHP\

Electrowsnk fcale - Ve = AHG &V (2 (ggm\
( E X fom) Qravh s
Mazs scale o ‘ quantom % (‘6

the < ~
e = (’q.,&\a = 1.2-10 eV (Z-lOQM)

™~
ThTs lo.ro\cg %gper\\\,‘.“\sn, leads to :
\

H?Qrolehcé Pm‘o\m :

€ (how keep M ~ V2
N _— . H~ ./E?‘
[ ) )
€ ‘ A"Heur

possible salofony:
() connect bosersd Femsien: boa
 Syealy S SOPERSVINEENY

bason +FQSP$¢{\. ‘QW& Q.QﬁQQ.\ v,
fondamental scale M P
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Large extra dimensions e
o & =l
/

M

(b) ex P‘Q‘H‘ %Qmmes\'f\é of 3p Y

2 fondarmental seale Vv
. N ovey

NB! hese Hp\ Qh‘.\é daftved Mook

=
- ((ofae.) extra spaffal dPmensfens

Ew

— confrement of molter on aubspe&o.

N atoral se.{'ﬁ"ng TN a‘l-ﬂ’nz \h&gi\&!

/ M coniThned
P! i

! Lo PO *:‘\h\?‘-
3 /JWG*" 2’*"‘{“; \’
CRa¥ea ﬁ NN G ("3 = brans)

- ’WV:G G rani m‘!&
1/ i ™™ D- #mﬂ, Fonal
D - (3 g o _‘_1\ SPQQQ.-"?M Q‘Du\k‘)
= et

extfa dPmendione ¥ b
(&) mere cinSdence < eaffont canesd ¥

2 L
A - ﬁ‘b?~ e ) Ao Ao~ Meur
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Large extra dimensions

Compo*e Ng.ga*ﬂ‘\& < m\'gﬂf

» E¢-n*¢+§ N ac \’?eﬁ ™ D o c!.? MRNSTONR
O {
S S = SdD ‘_ A ~
e (G, g R (33

("% D-dTrmonfe! egdivalents)

A ssome.  ctorfzable %QQ: Me_'\-t&& :
P dg” Tha
da2 = %V“dx dx"” + h?x(-a)dg& A.XX

e =C...3) ; ?,K': ... 8
and that the extra dfmendiony d )
afe Qmmpqd'?‘?o.d on cTrades o 5thn

madfos R, = L= 2R =»

e Effecve action ¥n HO :

(TG,
{ b A {
GN C: M -
MP] =\ hC/GN A*ZN a/ 1 08
. B 0
e LN e~ ME R
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Large extra dimensions

M o fondamental seale ¥

Possble for Mgy ~ TeV T >

Mp (QT%Q f v (QQ) (QT%Q_
Arkani Hared - mi“ﬁfp‘t‘f%‘ DW‘.? %%

NB!  electiowedk § B‘H'on% fested
e - G
O ™ : :3 rags hé to (© ™

(

# QQ (md?ug of QQMPQQH’%’QQ(‘FQA\\ :

-4 if My~ 1 TeV
.19 L
- 1012 ™ o~ (!_Q) Q\I) < :l QXQ\Qde
-4 & -
{ 510 m ~ (lo"eV) 2| nat
-9 !

G N\Py\x& wak becawe T T
dtloted by « \N%Q space .

NB! No convincing explanation why R, > 1/Mp,
in fact leads to a new hierarchy problem that might
require supersymmetry in the extradimensional bulk.
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Large extra dimensions

at zmall ditances

V&Y = <=N D-\_‘mz b f’7Rg

B
(M
V(ir) = S m\‘“z, " Q3 M Ny,
ri-&é - < ri*h

ot << RQ

e Expeﬁ‘mgq{—q\ tests ofF Nawten: baw:
(tersSen expaiments )

V(r) = - GN m!:l (1+ xQ~r,A)

6
o Lo o] Ro<30um
o | gyl OO=2E
108 Colorado 2003 l |a| = 16/3)
. o] eading to M,
= dilaton EGt-Wash 2004 >4.0 TeV.
-0 —l ___________________ - Bounds from
10° HUST 2017 astrophysics
107 82020 tighter but
102 L etk energy schle o these limits
e i.%.. S from tprsion
107° 107 107 experiments
X (m) more general.
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First ideas for extra dimensions

13\‘* - Gonnaf t\i&f\‘ﬂf!‘;&‘rf\_ H Uﬂ?ﬁ"m\\?’&n
of secalar %N\ﬁ\" wi Q.\QQ\'NV\QX\. TN qu;

AH (H:Q'l '97315) = A,_‘(,.‘sQ,\‘a'3)+As

whee scalar Held Q Tsa %m\? faffonal Bl .
couplad o Th
1S15 - Albaut Evasten: Geawal ce\q\wt}'

quﬁ’hﬁem\ Beld T2 o tenser o o)1

(3 = Theader Kaleza : Genenl !‘Q\QN’(\A
™ 5D ay an  uitind H\Qaft& of
%tq&“ hb and eleetio me&mﬁ’m
(996 - Dsess Ko : redfecovased Kalusts
ﬂr\eon% and i\\l@. a retiesl Totw ?\\h
of extk FrmenSen (.cew\pw-* ORI\
4D 3mﬁ‘h¢ and electremagreffem
orefed Sn 5097 ’Qho.r%eg rYQREet
q,mnﬂze.d £ R= J‘% ~ (53 em

Doesndt descfbe the feol world ¥
chsuag states of ‘“”HN / Fr“' e .
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https://www.mv.helsinki.fi/home/eisaksso/nordstrom/nordstrom.html

Predictions of extra dimensional models

Matfesta o v WD

—

- onmp\e : maxlesy Free secalas
%(x“,k(ﬂ Feald $n ‘SDJ' x> = 3 T2
cTrele of mdPes R,:j?.g, gé-t?:n%'zg&

KlieSA - Gorden Qq,uqﬁ”ca(\ :

(pd™ = 3, 3¥) exf,g) = O }
R, e znf:) = @ (xM, )
QUM 4) = ) b XM By

Nn=—-<0
Fnﬂ'a) = Q?n'-(‘/‘?qj N=0 =4 <A ...
solotfen some QqMa" i Fele ¥n aloex”
(3/._\5'*“' ﬂ\:) <(>n(xf‘) =Q;

M = ."_z‘ "

R 4 43 -

Get T HO a towwu ot a 5(
"Kaluza -~ KileSn" (KK) - atates e ¢ M,

A

2™ R
with el gouantom 4 '
nombes € f 1Y R
Beond SM K —77m S, ©
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Predictions of extra dimensional models

e Maas %p\? \*?‘r\% et %\‘Q‘\?" fons

= Mgk 2R
P . Mot
5.0 eV =L a conifrom of
| 20 keV d=H 2tates ¥

My, j Topesible o ace b

# of KK siotes With m, < £ UG
= v

o e Al 5.9 - 11.2
s TeV

- P[qu‘eﬁ"?\} for Ptodp&"n a KK %rtx\f\’ fon
lgray™ E?* =

e'?' Z_ < (pp = Q—;nze‘(‘) ~ s E

N V) 2+8
o (pp = Guy) = LHC@13 TeV: Mp > 2.9 TeV 0
accentble fof coliPders FF MD"‘O (TeV)

- Ul %"fve %upw%\AMmQ’v}-l?kq
v est N *NURy %?kao.m\ whan
%m\? tons  eacape Pate e bulk
- alse 2= 2 scattefin plocsazer
medtfed %hio\s%\'\ Vi kal %N\le\"bﬁ

Q.xc.‘f\.qf\ae_ (€ cantact’ Trtuachion %PQ)
" LHC @13 TeV:
4
Beyend 3M XN 4/M11 M. > 6-9 TeV
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Predictions of extra dimensional models

M black hele - Prodgz\‘fq_h?
e Ychwarzsadtild radPos Q\l (,' 2. Wit n

Wv\cch FQ‘“‘\:(\C‘ Q%Q\).'. YQ\}\“'QP‘Oi\y
M Semi-classical BH (/s »
- &~ 2 SH Mo): Mgy >9.0-10.1 Tev
Quantum BH (/s = Mp):

i, 2-particle deca
Heu e ;
Magn > 2.3-9.4 TeV

(Iarge dependence on model

AEE Mot (aY and & > o R
fax black holes (H%H ~TQV) ecan 'QQ
prc§

Tatance , b, < Re. Cress sadifor (Ngd

~ RS2

4 (pp= BH) ~ (X fo (H~3 TRV 3=N)
P (O events/ zo.ed at low & WHC
* MP (o\qek hales deqqs& ?Mmd\(":.\B
(R ~ &%) oy euaperbfen to q,%...
expu\‘e.d %?%rﬂ\bf QL ~ gphef fesl euenk

0O

(X

weed ‘n’f‘ tue P&\(\‘oc\.& P«\» ak o

wh A P\Qﬂ% 9‘\“-’3‘\ Q.r\Qr%sG SQ.“S, (e.phns, v'S

NB! BH’s should be produced also in cosmic ray experiments

N
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Constraints on extra dimensions

Most S n"??-?gcu_\’f constrarnts

Come ford  ast(o Pbx{\sﬁg N

- C_@P?cu:ﬁ Q.f‘f%ﬁ“qi\ Qi‘ kK Q,\’”‘u(\‘\\

and v GST‘*P\‘&\ SO \m P F NOVQ w(‘ﬁ\l

—y
nectfines ~ Q,: 3 %K\V\\’Oﬁ& ~

ON [FBFA: Mp > 27 TeV for d =2
Mpy>24TeVford=3

e G = ¥Y decac 4 dTtaterts coasmte

\
Y- ray s K\‘ sond and (eads e

o.r\@mo.\\_ >R \'\L\\‘.'nq‘ of neution shars

~ 3. 10" (t&HQ.\() PR

Neutron Mp > 1700 TeV for & = 2 reduced if KK gravi-
tons decay mainly

stars: M, >76 TeVfor=3 | tonon-SM particles
%

« Cosmology: Relic KK gravitons contribution to
cosmic gamma radiation: Mp > 100 TeV for § = 2

* NB! Very weak limits from astrophysics &
cosmology if § = 4 = focus in collider searches
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Non-factorizable geometry

Noa - Facteft zable 'j %QQF\Q}Sk«
Randall - Sundrom

e A classSecal mecharfem ke rake
. ‘('(\ b (S HQ_T
ﬂ&. Qn e 4*

< » @
cbsesves erSittw  shar
e T¥mea ‘Pndq\.md@\f meties 3Q ﬂ" S
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Non-factorizable geometry

e Non—facterfzable M
- ZK M~ o Y 2
ds% = 23 dex d x d%

- 5" dPrensPen Si/ 7_72_
?denﬁ”% gé—»c.a‘tl‘(\%& %%-k& '

o ) off

~3
e nwlk.

- |
L B-branes \on, oundastes ¥

e Gravitatteonal redasift ¥

9

)

- |
\ V

Masses related ‘0’3 i 0 Py ke

Re = 11/k = m;/my = O(1 TeV)/Mp,
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Non-factorizable geometry
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Predictions of non-factorizable models

Phogiesl  Fnterpretaiton:

. C-.wrm?ﬁa concentrmted at YO,
aof weorld conffned ot «A=T\RQ
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Extra dimensional models

Consticints on  non—fackeilzable Mmdé}

e moast aatic th:\ﬁ cal 1Tty weak

electroweak
e best (Pruts Frem LHC ,
tests: mg > ~

G — yy/lee/up mg>22- 5.6TeV 10 TeV (if SM
Radion (R) > WW/ZZ myi > 3.2 TeV gauge bosons
(no SM fields 1n the bulk) in the bulk)

G > WW/ZZ/tt mg>1.8-3.7(VV)—-3.4-4.55 (tt) TeV
KK gluon - gR — ggg/WW m,. (mg)>3.5(2.2) TeV

(SM fields also in the bulk)
Open problems Sn extradimensional medels

8KK

e No \qr%o. mast scales o suppress
VielaFen of Qppmx?mmh &smekﬂt&
(pred‘cm dv.&v% : Flavewr d\m%‘ﬂn%

neoutmal courrants ; necttne mast)
exceptieqngvarped space time'& no SM fields in bulk

e untRicalten of 29 Ssxdivnos
3‘ 3 P
yarel o Yaly® qeNesTY
e cosmel w&x\ , b =3 - AR

- ™ ‘Hr\g&wt‘ at ' ~ Mg v
quantum gravity? string theory?

For more details see PDG review on Extra dimensions searches
https://pdqg.lbl.gov/2025/reviews/rpp2025-rev-extra-dimensions.pdf
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Beyond SM conclusion

I don't know. Nobody knows
If it were known, it would be part of the SM!

haven't learned . )
You wo-rﬁ‘-bmw éfﬂﬁmgnggese lectures what BSM is.

(maybe) what BSM could be.
! Looﬁng and not /I‘na//ng 1S different ¢han not /oo,é/ng "

We'll study the limitations/defaults of the SM as a guide towards BSM.
We want to learn from our failures

The hierarchy problem made easy

only a few electrons are enough to lift your hair (~ 10%°> mass of e)
the electric force between 2 e” is 10* times larger than their gravitational interaction

we don't know why gravity is so weak?
we don't know why the masses of particles are so small?

Several theoretical hypothesis
new dynamics? new symmetries? new space-time structure?
modification of special relativity? of quantum mechanics?

Christaphe Grojean BsSM 107 CERN, Tutly 2017
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