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‘Should 1t have Collapsed already?

Fluctuate over barrier Not 1f
o in the early Universe? infinite wall:

Bl We are here / / ~ Supersymmetry?
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Theoretical Constraints on Higgs Mass

« Large M, — large self-coupling — blow up at low-
energy scale A due to renormalization

: B A(v) 34 | -
s Q= 2:A(v)log & AMQ) = Av) 27254 Og% %
: * Small: renormalization |\ A Instability @
j due to t quark drives e
| quartic coupling <0 |- - =
- at some scale A 5_::; Ff
| — vacuum unstable 'ff) sl =

RGE scale yin GeV

m F R

e Vacuum could be stabilized by Supersymmetry

B R ., e SO AT LT WD




| Vacuum Instability in the Standard Model

e Sensitive to o, as well as m, and My

3]

v

|+ Instability scale:

I
loglo Gev

mt — 172.47:

=113+ 1. O( Mh

Sl T
N LS MA‘

GeV

H

180 Andreassen, Frost & Schwartz, arXiv:1707.08124

170

Too large decay rate (y>HE) |

Stable (A>0) -
| |

122

123 124

125
m, (GeV)

126 127

Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio & Strumia, arXiv:1307.3536

—125. 66) 1. 2( Mr

GeV

— 173. 10) +0.4

10.35 GeV = log,o(A/GeV) = 11.4+0.8

a3(ﬂ"fz) —0.1184

0.0007

oy

128 [



Instability during Inflation?

Hook, Kearney, Shakya & Zurek: arXiv:1404.5953

1.5F
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|* Then Fokker-Planck evolution

X Numerical soln

— Analytic soln (Eq. 15) |
Analytic soln from [12] |

S (1= B |

| Do AdS regions eat us?

— Disaster if so |

107}

Stabilize vacuum with BSM physic?
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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




The Rotation Curves of Galaxies

Measured by Vera Rubin
The stars also orbit ‘too quickly

Her observations also required a
stronger gravitational field
than provided by the visible matter

Institute of Physics

Also:

— Structure formation, cosmic background radiation, ...



Rotation Curves

* In the Solar System e |n galaxies

Mercury NGC 6503

Observed

Venus
Earth

Mars
Jupiter

Saturn
Uranus Neptune pjuto

—
)
&

£

=
ge)
&
Q
7)

S

o
o
o

10 20 30 40

mean distance from Sun (AU) Radius l(kps)‘
e The velocities decrease with < The velocities do not
distance from Sun decrease with distance

* Mass lumped at centre * Dark matter spread out




Biggest Collider 1in the Universe?

I

| \ —'d
\ ) \./
\‘ : \
| | \
N _\\ \ _/

Collision between 2 clusters of galaxies:

Gas interacts, heats and stops

Dark matter passes through . Clowe et al, 2006

Dark matter weakly self-interacting
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*13.8 Billion Years

Evolution of the Universe

What
happened
then?



The Cosmic Microwave Background

Discovered by

Penzias & Wilson
1963




Cosmological Microwave Background as
seen by Planck Satellite
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The Spectrum of Fluctuations in the
Cosmic Microwave Background

The position of the first peak

e . 0.1°
6000 [ —> total density Qr, |

- 5000 ‘ The other peaks

— 4000 depend on density of |
Q é 3000 | ordinary matter €. .l
N

SN & dark matter Qp,
2000}

1000}

:_"‘ 0 ! | - | y | | | l

2 10 50 500 1000 1500 2000 2500

Multipole moment, /¢
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0.07° [




-» According to

— Microwave
background

— Supernovae

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

o F
« P L
B

et

& There is dark matter
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Dark energy

The Content of the Universe

—_
o

0.5

0.0

WS And dark energy i

SNe
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Perturbations Generate Structures

Planck

. o (-'

Dark matter distribution today (simulated)

Prlmordlal quantum perturbatlons as Millennium Run
by AL 10.077.696.000'particles » |
| seen in the Cosmic Microwave N e

.fﬂ; Backgrou nd
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The Origin of Structures in the Universe

dark matter falls into the

& oravitational potential wells, 8

Visible matter follows

False Vacuum
(metastable)

"Wrinkles"
or Hills

True
Vacuum

0 a,



A Successful Theory of the Formation of
Structures 1in the Universe

Wavelength A [h-! Mpc]
104 1000 100 10 1
105 ¥£ T llllll T T Illlll T T T lllll LI T Illll LI T IIIFE

Dark matter:

h-=! Mpc)?]
i
;};*
L
K,
I

Visible matter:

m Cosmic Microwave Background

% Cluster abundance

m Weak lensing

f Dark energy:

Current power spectrum P(k

Al Alpha F t ’_E\H\
\
yman Alpha Fores @«4\ :
N .-
1 __I IIIIIII | | IIIIIII | | |ll|l|| | | lllllll | | IINII— |
0.001 0.01 0.1 1 10 | =
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Strange Recipe for a Universe

Neutrmos 0.1% - 5%
Baryons 4+1%

C]\'IB: 0.01 o/o
old Dark Matter: “
S i 40 )

-

4

Dark Energy: 67 £ 6%

" The ‘Standard Model’ of the Universe

" indicated by astrophysics and cosmology §



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 in
the Universe: galaxies, clusters, ...




Particle Dark Matter Candidates
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Neutrinos

la mh

T'hey exist! ©

e mh

I'hey have weak 1nteractions ©

s mh

I'hey 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? Sterile neutrinos?

¥ T R




Particle Dark Matter Candidates

IIIlIllIllIIIIIIIII|IIII|IIII|IIII

Su01dA1a, Aaeoyradnge

IllIllllll|l|ll|llll|llll|llll

~
:
<
O
Q
.2
£
©
~—
=
o0
Q
—

>

PLANCK

llllllllllllllllllllllllllllllllj

-10 -5 O 5 10
0g,o(mass/proton mass

llllllllllllllllll




Weakly-Interacting Massive Particles (WIMPs)

Expected to have been numerous in the primordial
Universe when 1t was a fraction of a second old, full of a

primordial hot soup Tkachev, arXiv:1802.02414

Would have cooled o —

down as Universe -

expanded Y Y A

Interactions would 2 -

have weakened % T O N S S

WIMPs decoupled % E g

from visible matter S5 TN =

“Freeze-out™ i _

Larger © 9 lOwer Y =0 lr— | 113 — l“110 | 310 ;T lllll(l)O | 300l | lL;E)OO
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T ‘Standard’ Thermal History of Early Universe?

200 | WIMP, e.g., SUSY - -
100 | e

>0 QCD Freeze-out at
- g'e - transition o
20 | annihilation O(10) GeV?

~

10 ¢
5 &8s
Ep
107" 10° 10 10 10°

T MeV]




The WIMP ‘Miracle’

» The TeV scale from cosmology: TeV~,/Mp x2.7K
|
|* Generic density from freeze-out: -
, 1 1 1 l
Quhd~ — o
10°Covy MpyX2.TK  10°(ov) TeV-
| : ey o1 - L co? ,
* (Generic annihilation cross-section: gy~ <4 |
e M XETR 16a/C \/‘*”6 ~
: . . . 0.25
| * Generic relic mass: -
Qx/’l(z)' 3:..
~ TeV 160(\/(\/0.25 :
* Putting the numbers in: ;’:
msz\/IO( TcV<5TcV B




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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What lies beyond the Standard Model?

Supersymmetry

| == New motivations
o Stabilize electroweak LMLV E | HC Run |

* Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

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

52 . Naturalness, GUTs/ string, ...)dark matter ; |




Naturalness of hierarchy of mass scales jyu

- * Each 1s quadratically divergent: fAd4k/k2
= Y
a Amy, = — 16;' 51 IA2 £+ 6m?2 PIn(A/my) + ..
- A-‘Z—AS[\Z 2m% In(A /myg)
= My = 1o 5! mgIn(A/mg) + ...]

~|* Leading divergence cancelled if
" A 5= y f X 2 Supersymmetry'

w\s‘m
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o b ""kl\ < - oy
FOE s n T e o TS



Minimal Supersymmetric Extension
of the Standard Model
Matter?

@ rorce particies Squarks ) Sleptons ) SUSY torce

Quarks ’ Leplons
particies

Standard particles SUSY particles




Minimal Supersymmetric Extension of
Standard Model (MSSM)

* Double up the known particles:

% ( (lepton) q (quark)
< | e.q.. ~ o or | ) |
0 ) ( (slepton) q (squark)
| ~ (photon) g (gluon)
) eqg.. | <, L lor | D o
. - v (photino) g (gluino)

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

|* Lightest neutral supersymmetric Higgs looks like
the single Higgs in the Standard Model

|
|
~ o r < -
D -




Parameters of the Standard Model

* (Gauge sector:

— 3 gauge couplings: g;, g,, g’

— 1 strong CP-violating phase

* Yukawa interactions:
— 3 charge-lepton masses
— 6 quark masses

— 4 CKM angles and phase
* Higgs sector:
— 2 parameters: U, A

“+ Total: 19 parameters




Pati & Salam

Towards Grand Unification [ttt

* The three Standard Model gauge couplings are
different: g; >>g,, g

L g2 . :
. Ratio sin® 0y, = — 18 free parameter in Standard

g'2+ g
Model

* All couplings vary energy scale, calculable using

renormalisation group

g

« Best known 1s decrease of a, = o “asymptotic
freedom™

» Offers prospect of unifying couplings at hlgh energy,
as in simple group structure, and predicting sin HW




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

o (Q)

03+

0.2 -

01 | m@%

QCD (x\(Mé) = () 1185 () ()()()6

1 l( Q[GeV] 100 10()0

* Asymptotic freedom




Towards Grand Unification

* At one-loop order without/with supersymmetry:
om My A (0
b; = (—Z—f) + N, % + Npu % bi=|—-6|+N,|2|+ Ny | fracl2

\3/ \o/|  \_g \2/ \ 0 )

* At two- loop order without/with supersymmetry:

0 0 0 19 3 4 9 9 0
4 3 76
0 0 —102 O 0 0 0

38 88 9 9
0 0 0 5 % = 5% 10 U
bij=|0 —24 0 |+N,| 2 14 8|+Nuy|< £ 0
- 11 o 68
0 0 -54 i3 & 0 0 0

[y




1974 Georgi, Quinn & Weinberg

Grand Unification of Couplings

1 i
o o
601 ~ Standard Model 601 ~ Minimal
\\ supersymmetric
50 50 — AN extension of
~. Standard Model
— 40 - N~
30 — 304
20 - 20 -
10 - 10 —
O 1 1 1 1 I I 1 1 1 l 1 1 1 1 I 1 1 1 O 1 1 1 1 ] 1 ] I 1 l 1 1 1 1 I 1
1 10° 10™ 10%2 1 10° 1610 1612
lllustration: Typaform Energy, GeV Energy, GeV,

Almost works with just Standard Model particles

Better with supersymmetric particles




Electroweak Mixing Angle

Related to ratio of SUZ(Z), U(1) couplings:

3 gmy)

.2
sin“f(my) = — 5y = —— :
g +9*  5g3(mz)+ 29t (mz)

At one loop:

. ! 1 ‘ a"em('TnZ) 1 b‘2 — b3
2 _ . _ *
sin“ f(mygz) = [+ 82 |3.1 + o3 () ] = (bl b,
One-loop coetficients w’out/with supersymmetry:
4 ;
gf\'c — 11 <« b3 — 2Ng—9 = -3
%]\'TH + %A’rg — 2—32 — by — %]\TH +2Ng —6 = +1
4 3 33
1—10.?\’}[ + g]\'TG — b — EJ\TH + 2Ng = 5
23 1
m = 0.1055 «~ = — ?
Data: T |
€Tr —

6.92 + 0.07}




Simplest Grand Unified Theory

* Electromagnetic charge embedded in simple
group: charge quantized Y Q. =3Q.+3Qi+Q. =0
e Minimal model: SU(5) =

* Fermions of a single generation accommodated

({ 1 \ ( 0 U3 —1U9 151 d 1 \
- ({2 B 1 —1U 3 0 U 1 u9 dg
5: ()L = d3 10: (V)L = % up —uyp 0 uz  da
e “1 —uy —ups —uz 0 et
\ —Ve ) L \ _dl —d2 —dg —e™t 0 ) I

2% ¢¢

* “Explain

random” quantum numbers
» Renormalization prediction sin® Oy, ~ 0. 22




Lightest Supersymmetric Particle

~l+ Stable in many models because of conservation of

R parity:

R =(-1) 2S-L+3B

where S = spin, L = lepton #, B = baryon #
' Particles have R = +1, sparticles R = -1:
Sparticles produced 1n 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, )
Gravitino
(nightmare for detection)
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Searches for WIMP Dark Matter

Annihilation

‘Dark Matter to particles - Standard Model

\ In COSMIC rays

‘Annihilation Production
in the early = € at
Universe particle

colliders

()

Dark Matter Direct dark matter  Standard Model
detection



Classic LHC Dark Matter Signature

20 GeV

W
i

Missing transverse energy

1cles ¥

d away by dark matter part

| Carric




Nothing (yet) at the LHC

No supersymmetry Nothing else, either

Mode! ALY Jets KT [Loow Mass imt et
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More of same?

Unexplored nooks?




Direct Dark Matter Detection

RATL
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e Scattering of dark
e matter particle in
e deep underground
 laboratory
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Incoming
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Direct Dark Matter Searches
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|s Compilation of present and future sensitivities
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The LHC 1n Future Years
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* Peak luminosity

—Integrated luminosity
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CEPC-SPPC

Lretiminary Conceplual Design Report

Future Circular Colliders? |

The vision:
explore 10 TeV scale directly (100 TeV pp) + indirectly (ete-)




Projected ete- Colliders:
Luminosity vs Energy

° FCC-ee (Baseline, 2 IPs
- ILC (Baseline

' CLIC (Baseline)g

CEPC.(Baseline, 2. IPS}>

(91.2 GeV) : 4.6 x 10*° cm?s™

L1110
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3

(161 GeV): 5.6 x 10* cm?s™’
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"~ Luminosity [10
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~ Higgs Cross Sections

» Atthe LHC and beyond:

3
= 10

RN o
< — g
T 10%= EL
P E 33
g :
v 10

10"

M, = 125 GeV
MSTW2008

102

I | | | | | | | |

8 910 20 30 40 50 60 7080 10°
\/s [TeV]




'_
( = he )

3
éU'
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5 o discovery

== 100 TeV, 3000 fb’
— 33 TeV, 3000 fb’

— 14 TeV, 3000 fb’
— 14 TeV, 300 fb
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Visible matter

Standard Model
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