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¢ 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 O? due to large .

« 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
probably!

At least since SM doesn’t include gravity!!

|s the Standard Model "the final theory™?

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 = SU(2)® U(1)y ® SU(B)c

Q= (2 , 13 3)
ur = (1 , 413 3)
matter fermions = dg= (1 , -2/3 |, 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

10

R (kpc)
v(R) « \/M(R)/R,

M(R) enclosed mass T ; -~ M33 rotation curve

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

. 5 A
L
XY

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

contain only
small fraction of
total galaxy mass

GRAVITATIONAL
LENSING:
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Dark matter & structure formation

Big Bang
gravity

)

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 6 « 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.
Hotest 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
2.0 ]

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 /pcritical
critical density
for flat universe

Peritical— 3H 871Gy

15§

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

h=0.674 £ 0.005
Qi = 1.011 £0.006 so
{4 agrees with flat universe

0.5

B § g,;
/(\
/9/

00| ;_ 2 J Cosmological constant:
00 0.5 o Q, =0.685+0.007

s 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+ 1 MTTER/ENERGY i the UNTVERSE

matter dark energy ToTAL
MATTER COMPOSITION I DARK ENERSY
1 1402

Matter: I°‘°”'°"mn
Q=+ + Qppy = 0.3151 0.007 sros
baryons cold dark matter I.W‘M

Baryonic matter : I 3

Qb: 0.0492 + 0.0006 e - =

stars, gas, brown & white dwarfs Jos.ow L

NEUTRINGS

2w wusn 0.01

STARS

I 0,005+/-0,002

Cold Dark Matter : £oom
Qecpm~ 0.264 = 0.004

WIMPs (Weakly Interacting 0.001
Massive Particles), usually
neutralinos, or axions Q
NB! If Planck & BAO is combined, Q5 & h (Qcpm & Q) In-
crease (decrease) slightly but overall picture looks similar.
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Consider a particle ¥:
- 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, S - oo

limited self-interactions x=m/T (time )

8
(=]

Boltzmann equation
in the Early Universe:

6 10 27cm?3s !

<Uannv>

QX ~

Relic QDI\I ~ (.23 for

<(7;1‘1111l’> = 1()_26(71113/8(3(7

Weak cross section:

\ f 2 A_‘_:lo ] ;(;0
Juw Jw s x=m/T (time -)
M ]?

(.(Juv]\/[éﬂ) ~ 3 10_26C1113/SGC WIMP MLT‘O\CLQ!
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WIMP searches

Searches for WIMPs (or other dark matter candidate‘

No WIMP
signal
observed
= WIMP
direct
detection
limits

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

< >

10%%eV peV neV peV  meV eV keV MeV GeV TeV M,

lll..__lllllIlllllllllllllIllllllll.,.,lll

I ) pre-infl. QCD axion i X general thermal WIMP

¢ post-infl. sterile
uzzy DM CD axion neutrino ADM
“classical” =
QCD axion non-thermal WIMP (FIMP)
QCD axion standard

thermal WIMP
(e.g. SUSY neutralino)

100

pdg review on
dark matter 1072

10—38 ]
&

DAMIC (2020)

10—40 ] li
1074

10742 parkSide-50 (2023)
1076

XENON1T (2020)

- 200 (2 )19)
107441 DEAP-3600 (2077

1078

107464 10—10

H
<
SI WIMP-nucleoncross section [pb]

SI WIMP-nucleon cross section [cm

1 Neutrino coherent scattering 10712

10730 - . . 0-14
10° 10! 102 10}

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 (< 10-'%) from neutron electric dipole moment. Axion
field term in the QCD Lagrangian would compensate the
CP violating term ®,. Coupling « £,~! very small to matter
due to the high scale of the U(1) symmetry breaking.

Loep,cpviol = (a, /8”) (®i - ¢A/fA )GWC!GZV ~ 0
Axion density contribution (post-inflation symmetry breaking):

Q h*~0.12- 30peV/ m,)'-1%5 = masses 10 to 103 eV most

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

10~7
108

SN1987A

10~°
10—10
o 101
|> 10—12
Q 10713
9; 1014
N3

Vq\ 10—15

~ =

— 107 = 5l

10-V B -

8 =
-1

1018 5 ig

10—19 E é
10720

0 A9 A% AT Ab A% AR A% 42 4y A0 9 % T _6 5 A& 3 _12
4077407 407 407 407 407 407 407 407 407 407 10 40 A0 40 40 40 40 A0
m, [eV]
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Axions

~

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

i va 0,~1
LQCD,CPViOl o« (®z _¢A /fA )G,U G,uv ~ 0 l >n/lAjFA ~ m;rf;r

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

102 GeV
—e) meV
fa

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

LA;/;/ — (gAyy /4)F,quﬂV¢A — _gAny ) B¢A

IAlso very small fermion (i.e. electron) coupling g, possible
1076

perturbation theory gives: m, = 5.691 (

®
.-
Solar v
107 CAST é
— 1010 ; Neatronistas Horizontil branch %
|> 1011 : g % Xfé
— 1013
_g 10-14
b% 10-15
10-16
10-17
10-18
107V ‘
@A’L@AX@/@@/‘) x()/%x()/q @/6@/5@)‘&0/%@/1@/& AQ A0 AT 4P AT 4P AP 4T
m, [eV]

for more details see e.g. PDG review on "Axions”
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Energy scales & couplings

;_'b_‘35?¢°‘( Energv.é Scales
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Energy scales & couplings

Ene!‘%‘ de‘nﬁdm& oF Qamp
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Energy scales & couplings
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Energy scales & couplings

A e

Cofres 2 o Tarwr stodue
En Ll PemL

e t= P\“C\:\Q skiochsie. E~A T2 needed

Bl ¢ beund stede of e ~ —‘/—\

NRY Cws%cmo.rcé o assome New

where n

Phgsics pr\?nah te be gsm/A". yenends

on order

& )\?30 for d2<O =B riem

Theo fy  fRNoMA IFzable (Hves %‘m&u

T can be delt Sth)

Pl eaniog  paifician Paws
He mMPaTmal omwnt oF ‘?q‘\'yn\\

—

Standad Madel Q@wpm\%\‘

<

g Qv
—i
.x d? = 0
'\Q; %\1§ ._3—1,“;'. s
N ‘\ 4 Y,
~ 6
sef-coopliop K A
/ \

HTQEs Moty ——-R--- ,.\“ de =2

Phenomenology 2024 ..
Beyond Standard Model Kenneth Osterberg IV/14




Energy scales & couplings
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Energy scales & couplings

A Tt & —\-q_mP(-?ﬁ% o conclude
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Energy scales & couplings
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Top quark

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

* a most intriguing fermion : my,,~ 172.7 GeV (heaviest
known fundamental particle, x 40 heavier than b quark) —»
clues about origin of particle masses (hyop= Myop/Vew ~ 1)

» top decays instantaneously and almost exclusively to

W boson + b quark, I (t > Wb) ~ 1.4 GeV » Aqcp

- no hadronization (no toponium or T mesons)

- top decay purely an electroweak process

b t tw §'=+1/2

1+
v St=+1/2 A¥ =0

q —, z
vq b t w St=-1/2

H =312 A ==1
F=%1/2

1
‘ b t W
G @) SINNNNNNNN >

forbidden Sg & +1/’2 AW — &

o'l

J

Figure 1.6: Top decays: angular momentum conservation

o polarlsat|on of
, 9’

the top quark

transmitted to

the W-boson

SM
New Physics 7
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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; my = 125.25 £ 0.17 GeV

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

Assume there is nothing beyond SM; will that work?

Apparently not due to unstable electroweak vacuum!!

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

;‘ 350 B T T T T T l T T T l T T T I T T T I T T T l T T T l T ]
Q
S, B —— Perturbativity bound i
E: 300 — [ | Stability bound -
N [ ] Finite-T metastability bound ]
A”t%WGd - B Zero-T metastability bound -
WI — Shown are 1o error bands, w/o theoretical errors 7]
Strong 50 = —
fine- - i
tuning - .
200 — —
Unstable FmMy= 125.25 + 0.17 GeV i
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

Higgs Stability

Small mass (yt dominated RGE)

sm === i Linde 76,80
, 37290 In 06 [ Weinberg 76
A , 'AQ) = N — O __j Maini et al 78, ’79
i 1 9 > y2 In Q Politzer, Wolfram 79
: I 167270 ** Q Lindner 86
m2 WEEmEmEmmm—-——Em= e . o
H |
202 [
o L ’ Q

U v e47r2m?1 /3:1;;1 v?

A < 0 = potential unbounded from below

V(h)

-0.5
New physics should appear before
that point to restore stability

h//\]

Small mass (yt dominated RGE)
A.Andreassen s===============-<

I 3 4 1 Q \ Linde ’76, '80
=Yg In == 1 Weinberg '76
et a/., PRD 97 IA(Q) = Ajj — 87290 7" Qo Maini et al '78, 79
(2018) 056006 ' 1— -2.42In £ Politzer, Wolfram '79
[ 1672 J0 Qo Lindner '86
S sl (] e (] (] T
Anp= new physics scale making vacuum stable ...
! 1010 Gev
190 /1012 Gev
L1 &V
1018 Gev
Meta-stability
//,“\‘“ GQ\I //, . s 005
; 174>
N | ‘ 2. 0.120
172+ = x\\ﬂ Gey\]' \\\\ ,Cu rrent i i r/ ,
S e ‘ = 0115 | oA
e : o /,trend 150} Meta-stability = o RV N v
MPT 6ol . : YO N P
1700 m’//f\““i@él o J 0.110 S % \_\\.\\»»/ // / .
P : L 4 arXiv:2401.08811
b 5 Absolute stability 140} - Sl e =
168+ | 166 168 170 172 174 176
. . . . M,/GeV
122 124 126 128 B0 80 100 120 140
nl]’?o]e ;:ole
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Grand unified theories

GRAND ONIFICATION

. Ron ng %Q\u 1& forcas

® Scenpi® SM  atroetor
P MP( ﬁ‘( A attoctole

® Preddet Qo 9= LR Fﬁ%\s}g

electrocweaak & shcn& =

desciibed b«d Q 3?'\%(9. 3&01& %m‘s
G o 80(3)‘& ch?.)k x b(i)Y

e &n%("f\. oF Fore d&‘:e.h.ds
on enesqy senle = prquqj\h“\a

A
rivrtral  gqreop to Bt e all e E&%}
s - (3,1 4 + (1,28°0)
de Lo= («::.
10 = (3,1, -75)+(3,24) + (1,1,+2)
Ce kN gd:_) e

| LAY
| Reyend SH K& 32 AL 1€
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Grand unified theories

e Quarks | Kepfony belong o
Same. [ QPIQ%QJ\\\RQ‘\ =
X and Y Uolate. H- 5 L- nomaey

New Phenemena net Tn SM
- - -n =\
= P de.ccx\é ; N-0 o l.q\%mi\%l
VvV Master ...

A p\’Qf‘c(\ Q‘QQQQG

© L
P ‘ U>\AA’§ "@ “¢ X
T a
Mx " = 3 %S
’CP t'\Ps %

NB! M, ~ 107 GV =T sale
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Grand unified theories

Savge: L e
S 9 W, W &
(%)\10) +(| 2 Q) +(\ \ Qs)
+Q3,2-3) + G,2,3)
X
X.Y new %cwx; bosen et

colaof and weak Q,hw%\q.

e OUreFealfon of forees and

(puufal) offRestion of matty

e EVidence: Po(e.\% 50%%%\'“}9. +

%QU%Q. wﬁr\%&
New 33#\#\&{'!-6 = relafen befwwn Qg..emaa

A S00) H‘?k%%g raeRnTE M

bicken
SO(E) —— LW * S0AQ) XL,

= X and VY %Q{- Qlwiq\ ™Maty

For more details see PDG review on Grand unified theories
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-quts.pdf
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-guts.pdf

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: my /mpianek ~ 10717,

e Quantum corrections to particle masses:

Fermions

E.s. QED:
Lelect'r'on = éwe - MELER + M CREF:

- m, = 0 — chiral symmetry:
€ €5, ep € op
- m. % 0, quantum corrections:

om, =3ct, log(E/N)/4x-m,(small even if A = M)
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Motivation for supersymmetry

Photon

Mass term m,zyA“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:

A dk o
6 2 ~J ‘\ __,} 5 e
o Caohe R “Qw
)‘B 2 h?f 2 2
~ AT~ A A
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

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

5 5 = low-energy
|m23 = mFI = 0(1 TeV ) supersymmetry

¢ 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:// pdg bl .90v/2023/ reviews/rpp2023-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 2024 ..
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Supersymmetric models

Translations

zt — " + a* =
®(z) — ®(z +a); 6 = a*0,P

Lorentz

zft > Al afr, invariant —
— AH,V
5b = ALxV9,d

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
bp = &E(1— )0
6p = —iy*(1+ 5)£0,¢

¢ is fermionic, analogue of a* and A%

02010 = él’)’"(l T 75)538”915

hd .
= g* = (8susy)? ~ translation
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Particles in supersymmetric models

MSSM (Minimal Supersymmetric Standard Model)

The particle content:

Beyond Standard Model

0 4
Hyy-—_1= g-l- , Hyy—y1 = gzo
1 2
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% wE, wo W , Wwo 1 3 0
gaugino % B B 1 1 0
slepton/ L (Vp,,e7) (v, e, 1 2 ~1
lepton E€ €h en 1 1 —2
squark/ Q (W, dr) (u,d), 3 2 1/3
quark Ue Ug Up 3 1 4/3
D¢ dg dg 3 1 —2/3
Higgs/ Hy |(HY, Hy) |(HYHY) 1 2 —1
higgsino H., (H;}, HY) | (H}, HY) 1 2 1
Thenomenology 2024 Kenneth Osterberg 1V/31



Particles in supersymmetric models

MSSM (Minimal Supersymmetric Standard Model)

The particle content:

0 4
Hyy-_1= - Hyy—41 = i,
. g 1 H}
particle sparticle
' weak mass
interaction eigenstate
eigenstate _
q=u,d,c qr, 4R squark Q1, G2 squark
s,t,b
=6 gL T ii.ln slepton li, ls slepton
v, D sneutrino v sneutrino
g i gluino g gluino
W+ W+ wino o
3 = . it chargino
H1 I._.Il__ h%ggs?no X 1,2 (*; lightest,
Hy H, higgsino %% next
y ’7 photin o llghtest 52)
7 7 7in0 neutralino
0 70 : . 1) (x°; lightest,
Hf Hj higgsino  X1,234 0, next
25 H? higgsino lightest ...)
Jd> 9., gravitino  (only in supergravity)
gt;zizlzl;lg;%i};dzgj:del Kenneth Osterberg 1V/32




Supersymmetric gauge interactions

Supersymmednic qauge interachons

\:‘L’(‘X
"~ ~
X " % a. 'é \\q 1.
’"Vw< i g A
e, 3
- ~ N (3 . N
9 q 3 e o
. 1 . q ﬂ .
?

p!
9 1 ] 4
9 13 ] q /

— all vertices controlled b‘f Q¢

- c‘u.a.rHr.. sealar vertex ~ i‘i; —

* Higgs cluoch. oouplfnj determined by gaumge interackions

K s
\\\ ’,l“ t
% : 3
oy g ‘(31."31)
H WM
e
- In +he Standard Model - i, ¢+ free prameds
ST

o oN
My Yy Mg

¥ on sl omy, dJ%I*%“;, NoTomg

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

Phenomenology 2024 ..
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Supersymmetric model parameters

Parameters of the models

Supersymmetric parameters:

e SU(3). x SU(2)L x U(1)y gauge cou-
pliﬂgS gs, 92, g1

e Higgs-fermion coupling matrices h,,, hq, he.
e Higgs mixing parameter pu

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) gauginos i.e. gluinos, wino/zino, bino)
e §, | masses Mg, MZ, M2, M}, M
e Higgs masses m?, m3, b (b= soft Higgs
st mixing parameter)
e H—qg—q, H—1—1 interaction param-
eters AU) AD, AE

¢ use Higgs VEVs vy, v, and
mass of one neutral Higgs (m4).

Instead of m?

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

Phenomeno logy 2024 ..
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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

m ' "_U "" .. -. " v I. v ""U.V', '».AI L g LA L v
s i ] 5 ...v.
BE agereWgeV s | toiall o

e S AL S e S
N AR L R v/
L O A B LI
e »

L

.................
.............

m, (GeV)

Mgy =250 GeV (——'—_—'_—)‘.
Mo = mg : .(,-—..._.).
B e R

8 10 ' 50
tanpg

Fig. 1. The region of tan f-m; parameter space in which all running Hi{p—fennion
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, e.g. SUSY-SU(5):

M. = 10 GeV,
Mx = 10"°Q@eV,
ar = %63

e It 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):

g1(Mx) = g2(Mx) = g3(Mx) = gy, couplings
My(Mx) = My(Mx) = M3(Mx) = my o, 3§

MZ(Mx) = ... = M{(Mx) = mgl,
m}(Mx) = m2(MX) = mg,

€S

scalar
masse$

Higgds-

AU(M)() = AD(MX) — AE(MX) - AOl sfermion

couplings
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*coupngs uni g

Supersymmetric model parameters

30

20

10

Predicted mgyt 50
in MSSM larger
than in SM and 40

therefore more 30

consistent with

the lower limits 20

on the proton

lifetime from X

experiments. 0 ‘ 1
0 5 10 15

1/a

SM All couplings
unite at a specific
Mgyt IN Minimal
Supersymmetric
Standard Model
(MSSM) but not
in the Standard

Model (SM)

D 10

/o,
3
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Supersymmetric model parameters

SUPERSYMMETRY BREAKING

* spin-3/2 fermion gravitino, whose mass is related to
supersymmetry breaking scale A, \/3m M

gravitino P
 breaking in hidden sector, messenger transmission
with coupling A,

Hidden /-WU\ Visible
SUSY breaking /‘W\/‘\ MSSM

sector INTERACTIONS 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 Mpigner. = 1arge Ag +
very small 4,

e mSUGRA (Best studied SUSY model):

- Radiative symmetry breaking assumed
ey | ,ul determined. (through radiative corrections)

{sgn(p), mo, My/2, Ao, tan(B)}

. The hfirhtest neutralino (or sneutrmo% 1s the LSP.
ightest supersymmetric particle

Phenomenology 2024
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Supersymmetry breaking

Gauge mediated supersymmetry breaking

SUSY breaking Messengers | A A MSSM

sector E— % @ NN sector

j\ SM gauge /\

interactions

Xd o

e Supersymmetry breaking is transmitted
to MSSM via gauge interactions.

~

e Messenger sector has particles with SM

quantum numbers.Gaugino masses: .

! \
AARAL AR

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

gauge mediated effects dominate over the
gravity mediated effects
— Mygravitino ™~ eV-keV = A ~1

e Parameters: (mGMsB) SUSY breaking scale
fA, M, tan(3), ng, sign(p)}.

e 4 of complete reps. of SUCES)
senis in messenges seckve

* The gravitino is the LSP.

Phenomenology 2024 ..
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Supersymmetry breaking

1 1
o
cect™ L 360"

|
L
]

%L /4; ranc

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

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

Anoma\y mediation:

- 4ravity generates soft terms even if no direct
coupling between hidden and observable sectsrs

- soft ferms depend only on  ew scale coupling

cansfans heavy gravitino =
- RGE invariant large Agq + very small 4,
- high predt'c+abili+7 — negahive slepton masses

— need some+h(n3 more

Phenomenology 2024 ..
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Supersymmetry breaking

: \ Gravity
: // mediation

. Gauge
+ mediation

/ An%m?ly
: \ mediation

I ! L1 >
M; T MGUTT Mpe E
Ap
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

All renormalizable supersymmetric theories consistent
with (global) B-L conservation = R-parity invariance

Baryon : +1 for
Number Spin
R = 1 3B+ L+2S— Standard
p — ( — ) s e Particles
4 .
-1 for Supersymmetric Partners
Rp Conserved Rp Violated
The LSP decay into
o SUSY particles are b
pair-produced standard ::Irtitcl:s ok
o The LSP Is stable B
(— neutral,colourless + And so do all other
— 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
o 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!!

Phenomeno logy 2024
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Supersymmetric particle searches

Supersymmetric Particle Searches

All supersymmetric mass bounds here are model dependent.

The limits assume:

1) )Z(l) is the lightest supersymmetric particle; 2) R-parity is conserved,

unless stated otherwise;

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

)Z? — neutralinos (mixtures of 7, 20, and It/?)

Mass meo > 0 GeV, CL = 95%

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

[all tang, all mg, all meo — mio]
2 1
Mass mQO > 62.4 GeV, CL = 95%
[1<tanﬂ <40, all mg, all m_ o m~0]
Mass my > 99.9 GeV, CL = 95%
3
[I<tanp <40, all mg, all m_y — m_o]
X3 X1
Mass myo > 116 GeV, CL = 95%
4
[1<tang <40, all mg, all m_o — m_g]
X2 X1

fli — charginos (mixtures of W+ and l?lli)
Mass m§i > 94 GeV, CL = 95%
[tanﬁ < 40, My — My > 3 GeV, all mg]
Mass m%i > 1000 GeV, CL = 05%
[2€—|—ET, TchilchilC, m?(‘):O GeV]
X* — long-lived chargino

Mass m_; > 620 GeV, CL = 95% [stable Sl

v — sneutrino
Mass m > 41 GeV, CL = 95%
Mass m > 94 GeV, CL = 95%
[CMSSM, 1 < tanf < 40, mz,—m_ X >10 GeV]
Mass m > 3400 GeV, CL = 95% [R Parlty Violating]
[gT — €eu, )\312 = )\321 = 0.07, )\%11 = 011]
e — scalar electron (selectron)
Mass m > 107 GeV, CL = 95%
Mass m > 700 GeV, CL = 95%
[2¢+E7, my, = my and ¢=e, f, mi?:o GeV]
Mass m > 250 GeV, CL = 95%
[(X0F + Er, &g, m%? =0 GeV]
Mass m > 410 GeV, CL =95% [R-Parity Violating]
[>a0%, 0= IR0, X0 — (X0F0)]

[model independent]

[all mgL—m;((l,]

weakly coupling
sparticles (g, 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.

TchilchilC: electroweak pair productlon of charginos f(li, where )Zli decays
through an intermediate slepton or sneutrino to lz/)Z(l) and

where m; (m i—l—m 0)/2

Phenomenology 2024
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Supersymmetric particle searches

ft — scalar muon (smuon)
Mass m > 700 GeV, CL = 95%

[2¢+E7, my, = my, and (=8, 1, m%(l):O GeV]

Mass m > 210, CL = 95%

strongly coupling

[F56F + Br, fig, msg = 0 GeV] sparticles (q, g,
Mass m > 94 GeV, CL = 95% .
[CMSSM, 1 < tang < 40, Miig=Ms0 > 10 GeV] etC .- ) easy to
Mass m > 410 GeV, CL = 05% _[R- Parity Violating] search for at LHC
[>a0%, 0 — 10, X0 — F6Fy)
7 — scalar tau (stau) = Iower mass
Mass m > 81.9 GeV, CL = 95% I|m|tS > ~ 1-2 Tev

[mz, — Mz >15 GeV, all 0., B(F — 7X7) = 100%)]
Mass m > 90 GeV CL = 95%

[R-Parity Violating, Tg, indirect, Am >5 GeV]
Mass m > 286 GeV, CL = 95% [long-lived 7]

g — squarks of the first two quark generations For more deta”S
Mass m > 1.220 x 103 GeV, CL = 95%

[iets + E7, Tsqkl, 1 non-degenerate q, meo = 0 GeV] see PDG review

Mass m > 1.600 x 103 GeV, CL = 95% [R-Parity Violating]  ON Supersymmetry:
[Z'i — q%g, 55? — K@l/, )\121,)\122 ;é 0, m§:2400GeV]

o experiment
g — long-lived squar
Mass m > 1340, CL = 95% [itv; R-hadrons] httpS//pdqlblqOV/z
Mass m > 1250, CL = 95% [b R-hadrons] 023/reviews/rpp202
b — scalar bottom (sbottom) 3-I’eV-SUSV-2-
Mass m > 1.270 x 103 GeV, CL = 95% .
(bets + Er, Tsbotl, m =0 GeV] experiment.pdf
Mass m > 307 GeV, CL = 95% [R-Parity Violating]
[b — td or ts, N5, or X5, coupling] )
T — scalar top (stop) Tsbotl: sbottom pair production with b — b)z(l)
Mass m > 1.310 x 103 GeV, CL = 95% Tstopl: stop pair production with £ — tf((l)

[iets + Er, Tstopl, Mo < 300 GeV]
1
Mass m > 1100 GeV, CL = 95% [R-Parity Violating]
[t = be, Tstop2RPV, prompt]
Mass m > 460 GeV, CL = 95%
[R-Parity Violating, long-lived t, t— d?, 0.0lcm < cr < 1000 cm]
g — gluino
Mass m > 2.300 x 103 GeV, CL = 95%
[iets + Er, TglulA, m<o < 200 GeV]
1

Mass m > 2.260 x 103 GeV, CL = 95%  [R-Parity Violating]
[> 4L, Ao # 0, m>~<0 > 1000 GeV]
1

Tstop2RPV: stop pair production with f — bl, via RPV coupling )\233
TglulA: gluino pair production with § — q(j)Z(l)
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-susy-2-experiment.pdf

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: tanf3,
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 Comblned Results

slepton,
Higgs &
chargino
searches

to constrain
lightest ;
neutralino. 50

)
n
|

m0 _____ .._<___1__Te_\/./_c ____________________________
1 = 178 GeV/c

m, (GeV/c?)

)
[\
|

 large my =
large charglno
cross section *

« smallmy = N
detectable & ,, | Alnininn ;,f;;njfthe,,;;émdgr ,,,,,,,,,,,,,
light sleptons Excluded at 95%CL A

* Intermediate | -
m, = combine ’ i 0 tanf
with Higgs search | m;¢p > 46 GeV

A more elaborate analysis in mSUGRA (only tanf3, sign(u)
my, M, /, & A, free) using also stable particle searches &

electroweak parameter constraints give mygp > 50 GeV.
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Higgs sector in supersymmetry

HIGGS SECTOR IN MSSM

HY H'
Hd:(H;i)y Hu:(H%)

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

e Tree-level Higgs potential:

V = (pl?+mi,)(H + |Hf|?)
+(|pl + mi, ) (|Hgl? + |H7 |)
+b(HYH; — H HY) + c.c.

92 +gl2
8
L ng - o

+ (2,1 + |1H] 1 — | Hal )

-(I) = (@) =0
-(Hy) =(Hg) =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
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Higgs sector in supersymmetry

e The masses of physical particles are

mi = 20/8m23, m%,i = mi-l—m%v,
1
2
MWy = Q—[mfﬁ—mﬁ

¥\/ (m% + m%)? — 4m%m? cos? 2ﬁ] .

Here
0 :
h = (Hy —ws)cosa— (HY —wv)sina,
0 :
H = (Hy" —wvy)cosa+ (Hy — vo)sina,
where
cos2a  m4 —m3 sin2o m¥ + m;
cos 203 m%, —m2’ sin203 mi —ma

o At tree-level:

2 2 2 2
my, < Mz 4, My > Mz 4

mi+qu =m?4+m2z.
Final combined LEP limit: f“f- Phys.

. C73
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

™ §x . .
LONIATIVE A ED & N &
L%ttt S 1 Sl ki [ +1 L 'r.. P
e
¥
e e . | i: -
,?J‘ AP TIMN s 1LY, el
g Sl Bl Bt | Bl SRl Y et | -1 ;‘/l -

- Two Higgs doublets
vev's vyand v,

* Five physical states
h,H, A,

- Two parameters
(at tree-level)
th tanf3 = V2/V1

<o

- =

V¥l s i
] #]
i s Sl = N/
e ralal i
- ¥ 30 -
ezt 1% 4] N

- e - - - -

H*, H-
CP-even CP-odd Charged

Depend on Myg,, Mstopa.p) -
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MSSM Higgs
 In SUSY processes very often complementary e.g.
¢ e'e—>hZ 7 ¢ e'e->hA
7
, /// <
~0lpb Y
e’ h A
o sin’(fB - )0 g, oc CoS (f—a)ogy,
% m, = 175.GeV/c’ L
= Look o
for both
processes 10
Couplings between 1 ——X
Higgses & the S
particles in MSSM: R R s
uu dd, I*I- VV (v=z, W)
h cosa/sinf3  — sina/cosf sin(pB-o)
H sina/sin}  cosa/cosf3 cos(pB-ou)
A cotp tanp 0
Kenneth Osterberg IV/50
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MSSM Higgs

In exact Supersymmeiry: my, < mz| cos 2[3|

In broken Supersymmetry: m2 < m;2+ Amy?

SUSY little hierarchy problem

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

2 12 2
V= (lul*+mi,) |HS‘2 + (Jul* +m,) ‘Hg’Q — B(HXHY +cc) + : ;g <|HS|2 — ‘H3|2)

3Grm? m?2

m?2 ~m2 cos? 28 + t log —

h 7 5 2

\e\,e\ \@W my
o(\e”\OOQ 5 m3;, —my tan® 3

myz/2 = —p’ +

mu > 115 GeV = mi> 1 TeV

3\/§Gpmfm§ A
5mHu = — 1 - log m—{

20 — Pardo Vega, Villadoro 15 + many others

One needs heavy stop(s)
o o obtain a 125GeV Higgs
(within the MSSM)

m- (TeV)

: | ] Current lower limits on
sl stop mass: up to 1310
e GeV (but very decay &
LSP mass dependent)

sure 3: Allowed values of the 08 s
tan 3 (=300 GeV and el the
while the dashed line the 20 crpe
mixing poind is due lo the physica
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Supersymmetry summary

Leptons Quarks Gl?mo

Fermions

(7]
c
O
7]
@]
oM

Sleptons Squarks Gluon  Photon

A HIGGSINO

. 16 72 L AR L
Two-loops: gluinos == O my, S 200GeV (2“%)
Log
SToP
@ 162 < 500 GeV sin 3 f"‘f Agiya
One-loop: stops == o Ttor = PR T (et | loB(A/TeV) \ 20%
! : GLUINO
Tree-level: Higgsinos ==  O(my,) 5 N
Mgluino S 1 eV sin (/.. 3
Tim COHEN [UNIVERSITY OF OREGON] i i ikl glnalog(;\/ ]C\:) (20%)
. 2dm?
Tuning: A= —#
my
Christophe Grojean BsM 50 CERN, Jeely 2017

LHC0q,-1 will telll

SUSY is Natural Good coverage of

but not plain vanilla

hidden natural susy
x

B8 pMSSM
B NMSSM
8 Hide SUSY, e.g. smaller phase space

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

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

flavors-, stop-higgsino mixings)

> mono-jet searches with ISR

» reduce MET (e.g.&perﬁ?, compressed .
SF5e i) Csalki et al recoil (compressed spectra)

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

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

> 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 SM 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 ~ 1019 GeV but (as
we will see later) it could also be much lower.

¢ 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 look bad, since classical gravity (general relativity) is a non-

rencrmalizable theory.

Gravity at short distances?

ieEvEvE v vE R rEvi]

a)

b)

e The classical gravitational theory is non-renormalizable

E2

W s
“UPIaan

Q)

Ad
./G P

¢ At higher orders it gets worse and worse.

1"\2 EQ

NI ;
Mg anck

¢ No clue as to what the short distance theory is.

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

Bayond the Standard Model, E. ¥iritsis
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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 quantum gravity, without
UV problems ( divergences)

« Moreover 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 enargy.

(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.

What is String Theory? I

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).

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

: ; ; G o -18
(A) The fundamental string is much smaller: its size is definitely smaller than 10 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 fermiconic degrees of freedom. There a kind of supersymmetry
relating the coordinates to such fermionic 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

objects.
Bayond the Standard Model, F. ¥iritsis
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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.

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

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

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

s 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=D

.
-
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String theory

String perturbation theory I

& In QFT perturbation theory 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 dimensions I

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)

Bayond the Standard Model, F. Hiritsis
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Extra dimensional models

Extrmn dfmenfom| models
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Large extra dimensions
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Large extra dimensions
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Large extra dimensions
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Large extra dimensions
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First ideas for extra dimensions
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Predictions of extra dimensional models
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Predictions of extra dimensional models
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Predictions of extra dimensional models

m—

MTet  black hele - prodeciion?

e Qdhwarzsadfild radtos Q‘/ Ge. S

wihen ﬁeﬂ\u\a Q—%Qx\i‘&.\ IR {'Q\” Q:h)
2 M LH 13 TeV: MBH, semi-
;- = - BH  jassical > 9.0-10.1 TeV
Hp‘ Q:anturzn Bl-rlt_(l\fBHd~ Mp):
00 - Q 4 ..L. %)4*1 parucie aecay
> Mg\, Mg | Masn >2.3-9.4 TeV

(model detail dependence)

*TF Mo~1TV ond & > Mg> Ry
ﬁnz black heles (NQ, ~TQV) ecan be

p(‘c

Tatance O - K CMM??(N&Q‘.

4 (pp= BH) ~ (R fo (H~3TRV 3=N)

P (O events/ v at low & WHC
* Mot (o\qek heles deqmﬂ ?’mmd&h.\B

(R ~ &%) loyy euaperfen to q,%...

expe.o.\‘e.d %'?%nq\wro. P~ gphest Sl euants

weed FF thue P\‘\l fone Pf\}& at o

wir Hn mang h‘?%h Uy SQJ‘S, h.pkns,ys

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

Phenomenology 2024 ..
Beyond Standard Model Kenneth Osterberg IV/65



Constraints on extra dimensions

Most Qv F%"QQA\; constrarnts
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Non-factorizable geometry
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Non-factorizable geometry
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Non-factorizable geometry
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Predictions of non-factorizable models

Physieal  Fnterpretaiton:

° C—:I'Q.\?ha concentmted af x<‘=0)

acf wofld confned ot kA=-"|'\R1

srmall cverlap =2 %rmﬂxa Rmg Wesk

e Graviten KK states are not

qua\\\é epﬁ.eﬁ.d and Q.sv&:p(&.& sh‘cu\a\\%
to et ; can be cbyeved ap fesonances

« L‘.’gh‘l-u{' New 3Shkate Tn Mis scensfe

-— -

O(lo qaV) £ m <= A

radten (ef 3r§\:sQQ\N‘) y %,

o™
Oorﬂ?n@w\f deqcu& mMode r-vgg ?F

me s LM, othonRe 1o W, EZ I

couplings = v, / (\/2_4A,,) -SM couplings
radten orfmd'u From quantom
ex<Ttaffons of e dfatance behuser b
radion <an mix with H?%gs
and altes Qype ¥nd Juw ¢

Phenomenology 2024 ..
Beyond Standard Model Kenneth Osterberg IV/70



Extra dimensional models

Consticints on  non—facheilizable cecdely
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quantum gravity? string theory?

For more details see PDG review on Extra dimensions searches
https://pdqg.Ibl.gov/2023/reviews/rpp2023-rev-extra-dimensions.pdf
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-extra-dimensions.pdf

Beyond SM conclusion

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

haven't learned . .
You wmw-('-hum/ é:iu mﬁégese lectures what BSM is.
(maybe) %u-[ﬁeemwha‘r BSM could be.
’ Loo,é/ng and rnot f/’hc/fng rS different han not /oo,é/nﬁ i

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 )
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 BsM 107 CERN, July 2017
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