What lies beyond the Standard
Model?

Supersymmetry

- New motivations
e Stabilize electroweak vacuum From LHC Run 1

» Successtul prediction for Higgs mass
— Should be < 130 GeV 1n simple models

* Successtul predictions for couplings
— Should be within few % of SM values

. string, ...Jdark matter




Mat. Sbornik Math, USSR Sbornik

Tom 82 (124) (1970), No. 3 v E arl R u S S i aIl
] [ o
LIE GROUPS WITH COMMUTING AND ANTICOMMUTING PARAMETERS P ap ers

F. A. BEREZIN AND G. 1. KAC UDC 519.46

Abstract. In this paper we study analogs of Lie algebras and formal Lie grov ;ypyaron 0 THE ALGEBRA OF POINCARE GROUP GENERATORS AND VIOLATION OF P IN-

of groups differ from usual Lie groups, roughly speaking, in that they admit anticc VARTANCE

parameters. The analogs of Lie algebras differ from usual Lie algebras by proper: Yu.A. Gol'fand and E.P. Likhtman
tator. In the definition of these objects an essential role is played by the gradient Physics Institute, USSR Academy of Sciences
ial they become Lie groups and algebras in the usual sense. To these generalize Submitted 10 March 1971

over classical theorems on the connection between Lie groups and algebras and ¢ ZhFTF Pis. Red. 13, No. 8, 452 - 455 (20 April 1971)

tation theory.

POSSIBLE UNIVERSAL NEUTRINO INTERACTION
D.V. Volkov and V.P. Akulov PHYSICS LETTERS A Septembier1=iia

Physico-technical Institute, Ukralnian Academy of Sciences
Submitted 13 October 1972
ZhETF Pis. Red. 16, No. 11, 621 - 624 (5 December 1972)

IS THE NEUTRINO A GOLDSTONE PARTICLE?

D.V. VOLKOV and V.P. AKULOV
Physico-Technical Institute, Academy of Sciences of the Ukrainian SSR, Kharkov 108, USSR

Received 5 March 1973
GAUGE FIELDS FOR SYMMETRY GROUGP
WITH SPINOR PARAMETERS

D. V. Volkov and V. A. Soroksa

The inclusion of gauge fields for a symmetry group containing anticommuting parameters
is considered. The Higgs effect is discussed for Goldstone fields with spin 1 /2.



Naturalness of hierarchy of mass scales

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:
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* Leading divergence cancelled 1f
As = y% x 2 Supersymmetry!




Minimal Supersymmetric Extension
of the Standard Model

. Leplons

) Quarks @ rorce particies Squarks &) Sieptons

Standard particles SUSY particle¢




Minimal Supersymmetric Extension of
the Standard Model (MSSM)

* Double up the known particles:

% ( (lepton) q (quark)
< | e.q., or| .,
0 - ¢ (slepton) q (squark)
1 ~ (photon) q (gluon)
N R N Jor | 2T,
= - v (photino) g (gluino)

* Two Higgs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

 Lightest neutral supersymmetric Higgs looks like the
single Higgs 1n the Standard Model




Higgs Bosons 1n Supersymmetry

* Need 2 complex Higgs doublets

(cancel anomalies, form of SUSY couplings)
* 8 — 3 =5 physical Higgs bosons
Scalars h, H; pseudoscalar A; charged H*

* Lightest Higgs < M, at tree level:
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* Important radiative corrections to mass:
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Pushed beyond reach of LEP2
by radiative corrections?
Could be 125 GeV!
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Higgs properties in the pMSSM

Fit with g -2 Fit without g -2
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Towards Grand Unification

The three Standard Model gauge couplings are
different: g3 >> g, ¢

/2

;2 > 1S free parameter in
t9>

Ratio sin“8,, =
Standard Model 7
All couplings vary energy scale, calculable
using renormalisation group

2
Best known 1s decrease of a; = I, asymptotic

freedom” 7

Ofters prospect of unifying couplings at high
energy, as in symple group structure, and
predicting sin“68y,




Strong Coupling “Constant™

* ... 1s not constant: weaker at higher energies

Sept. 2013

v T decays (N°LO)

Lattice QCD (NNLO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)
o e'¢ jets & shapes (res. NNLO) |
® Z pole fit (N°LO)
v pp—> jets (NLO)

0.2 -

I N%%
0.1, %%
= QCD a( MZ) 0.1185  0.0006
1 100 | 1000

Q [GeV]
* Asymptotic freedom
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Grand Unification

* At one-loop order without/with supersymmetry:
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Grand Unification of Couplings

1 1
o o
601 ~ Standard Model 601 ~— Minimal
\\ supersymmetric
50 50— a1\ extension of
~. Standard Model
40
30—
20—
10 —
O 1 1 1 1 | I I 1 1 | I I 1 1 | 1 1 1 O 1 1 1 1 | 1 I I 1 [ 1 1 1 I | 1
1 10° 102 1610 1 10° 1010 1010
lllustration: Typofarm Energy, GeV Energy, GeV

Almost works with just Standard Model particles
Better with supersymmetric particles
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Simplest Grand Unified Theory

* Electromagnetic charge embedded 1n simple group:
charge quantized S Qi =3Qu +3Qu+ Q. =0
* Minimal model: SU(5) %t

* Fermions of a single generation accommodated

d 2 1 —1U 3 0 U 1 u9 (l:_)
5: ()L = ds 10 : (xY)r = ﬁ ug —uy 0 us  da
e “1 —uwy —up —uz 0 e*

29 ¢¢

* “Explain” “random” quantum numbers

» Renormalization prediction sin®6y ~ 0.23

dy \ ( 0 uz —uUz U dl\

\ . /. \ —di —dy —dy —et 0 )
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%lectroweak Mixing Angle

e Related to ratio of SU(2) U(1) couphngs

g” gi (mz )

9( ) = = —3
sin’ my) = — = =
g.% + 9'2 3 gﬁ(mz) + 591 ('mZ)

* At one loop:
. 2 o 1 . Qem(mz) _ 1 by — b3
sin“ f(myz) = [T 82 [3.—|— o3 () ] = 5 (bl _b2>
* One-loop coefficients w’out/with supersymmetry:
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* Data: |= = 5535007




LEP Data
Consistent with
Supersymmetric

Grand Unification

SUSY 2nd order
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Supersymmetry Breaking

* Supersymmetry must be broken, many models, no clear
guidance from theory

* Assume universality at GUT scale? (CMSSM)
* Renormalisation effects increase g masses

relative to ¢, g mass relative to wt

* Lighter stop squark may have m. <m

* Renormalization can drive m% < 0, enabling
spontaneous gauge symmetry breaking

* Alternatively: treat particle masses as free parameters
(pMSSM)
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g, — 2 m Phenomenological
Supersymmetry (pMSSM11)

No relation between squark/gluino masses
and slepton/neutralino masses

—— LHC13,w/(9—2), —— LHC13,w/o (9—2),
PMSSMI11 ___. 1HC8 w/(9—2), ---- LHCS,wiho(g—2),
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No problem accommodating BNL/FNAL result
Neutralino DM, smuon masses ~ 300/400 GeV

— LHC13,w/(9-2), —— LHCI3, wio (g—-2),
pMSSM11
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-—. LHO8,w/(g—2), ---- LHCS, wio(g—2),
ol i
’ :\'Can accommodate
S\ gy — 2 result
N ¢
>< .
g BN
2_
~1 6
x107?
— LHCI3,w/(9-2), —— LHCI3, wio(g—2),
PMSSMI11 ___. LHCS,w/(g—2), ---- LHCS,wlo(g—2),
! MasTERcooe)
8t 1§ ] Gt
6..
oL Smuon
q 4» rrrrrrrrrrrrrrrrrr I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
2_
" | ‘ ‘ v
0 500 1000 1500 2000

mﬁR [GGV] 17



Mass Renormalizations

* Assuming universality at the GUT scale

* Gaugino masses:
* M, = (0,/ ogyr) My, €.8., > My / M3 =0,/ 03

* Squark and slepton masses:

img” + 6 my’

2

* Squark mass
* Left-handed slepton mass?: my> + 0.5 m,,”

 Right-handed slepton mass?: my> + 0.15 m,,?

* Minimal flavour violation (MFV):

* Flavour mixing of squarks and sleptons induced by CKM,

neutrino mixing
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Renormalization of Susy Breaking Parameters

* After cancellation of quadratic divergences:
renormalized logarithmically:

gaugino masses: d M,/dt ~ B, M,
omi, 1 5. 5 5 5
scalar masses?: > = 1o\ (mi+ 43) - g2

* Assuming universal input parameters (CMSSM)

* Solutions at low energy scales Q:
Ma (Q) — ((xa/ 0(GUT) my

)

4 ) - 2

600 —50

BN
a
[ ]

N
aQ
(e}

Running Mass (CGeV)

* Gluino heavier than photino, wino

* Squarks heavier than sleptons iy
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Log,oQ (GeV)
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Electroweak Symmetry Breaking

My=300 GeV, M, ,=100 GeV, A,=0
400

Could be driven
by radiative
corrections due
to top quark

300 H L

200

A bonus:

supersymmetry Hoor

Sparticle Mass (GeV)

may explain
why u? <0




A Preview of Supersymmetry (@ LHC
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Nothing (yet) at the LHC

No supersymmetry

Nothing else, either
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Lightest Supersymmetric Particle

 Stable in many models because of conservation of R parity:

R = (_1) 2S-LL+ 3B
where S = spin, L = lepton #, B =
baryon #

* Particles have R = +1, sparticles R = -1:

Sparticles produced in pairs

Heavier sparticles =  lighter sparticles
* Lightest supersymmetric particle (LSP) stable
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Lightest Sparticle as Dark Matter?

* No strong or electromagnetic interactions
Otherwise would bind to matter
Detectable as anomalous heavy nucleus

* Possible weakly-interacting scandidates
Sneutrino

(Excluded by LEP, direct searches)
Lightest neutralino y (partner of Z, H, vy)
Gravitino

(nightmare for detection)
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The Dark Matter Hypothesis

* Proposed by Fritz Zwicky, based on observations of the
Coma galaxy cluster

* The galaxies move too quickly
* The observations require a
stronger gravitational field

than provided by the visible matter
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The Rotation Curves of
(Galaxies

Measured by Vera Rubin
The stars also orbit ‘too quickly’
Her observations also required a

stronger gravitational field

Also:

—Structure formation, cosmic background
radiation, ...




(Galactic Rotation Curves

* In the Solar System

* In galaxies
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* The velocities decrease
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* Mass lumped at centre
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Biggest Collider in the Universe?

/S )(i\

A"

P
/- Collision between 2 clusters of galaxies:

Gas interacts, heats and stops
Dark matter passes through

Dark matter weakly self-interacting




The Spectrum of Fluctuations in the Cosmic
Microwave Background

The position of the first peak
> total density Qr,

The other peaks
depend on density of }
ordinary matter €2, .

& dark matter Qp,.. |

> 10 50 500 1000 1500 2000 2500
Multipole moment, £




—+ According to

— Microwave
background

— Supernovae

— Structures (galaxies,
clusters, ...) in the
Universe

Dark energy

There 1s darkihat_ter

The Content of the Universe

== 5
St = .l = \
P a n
) i

—
o

And dark energy|

SNe
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Strange Recipe for a Universe

Neutrinos: 0.1% — 5%
Baryons: 4 +1% \

old Dark Matter:
0+ 49%

P CMB: 0.01%

Dark Energy: 67 = 6%

The ‘Standard Model’ of the Universe

indicated by astrophysics and cosmology
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The Origin of Structures in the Universe

dark matter falls into the

gravitational potential wells,
visible matter follows

False Vacuum
(metastable)

"Wrinkles"
or Hills 4

True
Vacuum

0 &
Magnitude of Scalar Field (¢)

Accumulation in Valleys

Become density fluctuations il Become structures in Universe
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Dark Matter

enecrated Structures

seen in the Cosmic Microwave
Background

Dark matter distribution today (simulated)

Millennium Run
10.077.696.000 particles » |
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A Successful Theory of the Formation
of Structures 1n the Universe

Wavelength A [h-! Mpe]
104 1000 100 10 1
105 ¥:- I |||||| LI I |||||| || I ]Illl LI I Illll LI I ||||£

Dark matter:

Visible matter:

I g ]
; L
E m Cosmic Microwave Background §
Dark energy: " :_ % Cluster ab}undance _:
- m Weak lensing Y 3

Current power spectrum Pk h-! Mpc)?]

B AlLyman Alpha Forest ; ]
1__llllllll 1 llllllll 1 llllllll 1 llllllll 1 llll\ll_

0.001 0.01 0.1 1 10
Wavenumber k [h/Mpc]
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Properties of Dark Matter

* Should not have (much) electric charge
* Otherwise we would have seen 1t

* Should interact weakly with ordinary matter

* Otherwise we would have detected it, either
directly or astrophysically

* Should not be too light

* Needed for forming and holding together
structures 1n the Universe: galaxies, clusters, ...
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Particle Dark Matter Candidates
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Neutrinos

* They exist! =
* They have weak interactions ‘=
* They have masses '~

* As indicated by neutrino oscillations

* But their masses are very small ‘=
 <1eV (=1/1000,000,000 of proton mass)

* Not able to grow all structures in Universe ‘&
* (run away from small structures)

* Maybe some other neutrinos beyond the
Standard Model?
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Particle Dark Matter Candidates
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Weakly-Interacting Massive
Particles (WIMPs)

* Expected to have been numerous 1n the primordial
Universe when 1t was a fraction of a second old, full
of a primordial hot soup

 Would have cooled O
down as Universe -
expanded a R —

* Interactions would
have weakened

 WIMPs decoupled
from visible matter *°

e “Freeze-out” ]
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‘Standard’ Thermal History of Early

Universe
wad WIMP, ¢.g., SUSY ~
100 ¢ I il

QCD. Bl [Freeze-out at
transition S (10) GeV?

~

102 30" 10°
T (MeV]

Tkachev, arXiv:1802.02414



The WIMP ‘Miracle’

* The TeV scale from cosmology: TeV ~ \/‘M'm <2TK

* Generic density from freeze-out:
I l l l

Qy hd ~
X0 103¢av) Mpy X2.7 K 10°Cov) TeV
ca

OV —
m

2
2
 (Generic annihilation cross-section: )
m \/M, s x2.7K l6a\/( \/%xzhs()

* Generic relic mass:
Qyh
~ TeV 16a\/C\/Of‘2’5-.
* Putting the numbers 1n: |
m < -};\/l 0CTeV<SSTeV

Dimopoulos, PLB246, 347 (1990)
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WIMP Candidates

* Could have right density if weigh 100 to 1000 GeV
(accessible to LHC experiments?)

* Present in many extensions of Standard Model

* Particularly 1n attempts to understand strength of weak
interactions, mass of Higgs boson

* Examples:
* Extra dimensions of space

* Supersymmetry '
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Searches for Dark Matter

Annihilation
Dark Matter g particles > Standard Model

Qosmic rays

Annihilation Production
in the early =>» € atparticle
Universe colliders

<)
Dark Matter Direct dark matter Standard Model

detection
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Classic Dark Matter Signature
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carried away by dark matter particles




Direct arkMatter Detectlon

Scattering of dark
matter particle in

deep underground

laboratory
—_—

: Outgoing

: Particle
—
Incoming
Particle




Direct Dark Matter Searches

* Compilation of present and future sensitivities

10~ -1 ;
AP adapted from arXiv; 1310.8327
10-4} From talk by Baudis 2015
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Direct Dark Matter Searches

* Latest experimental results
1043
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3.

We still believe in supersymmetry '

A | sk eoSlls YOUu must be joking
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