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Matter

SoKel 6 auTOL TAde* ApXAc sival TWV OAWV ATOHOUC Kai KEVOV, T
8'aAAa navra vevopioOal [6o€aleoBar]. (Diogenes Laértius,
Democritus, Vol. IX, 44)

The first principles of the universe
are atoms and empty space; everything
else Is mere opinion

Democritus 460 - 370 BC
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Matter & forces

Forces carried by particles
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Z boson

W boson

GAUGE BOSONS

VECTOR BOSONS

LEPTONS



Matter & forces
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Dark Matter

Observations

cm hYdmgen

7 39% DARK ENERGY
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Unification of forces & hierarchy problem
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Updated from Amaldi., de Boer,

Colossal coincidence? (yuk!)



Potential solution — supersymmetry

Particle
L \ * Provides dark matter candidate
J
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Supersymmetric o o xuaE e sy e
1" Sh a d ow " p a rt i c l es All Possible Symmetries of the S Matrix*

SiDNEY COLEMANT AND JEFFREY MANDULAJ
Lyman Laboratory of Physics, Harvard Universily, Cambridge, Massachusetts
(Received 16 March 1967)

We prove a new theorem on the impossibility of combining space-time and internal symmetries in any
but a trivial way. The theorem is an improvement on known results in that it is applicable to infinite-param-
eter groups, instead of just to Lie groups. This improvement is gained by using information about the S
matrix; previous investigations used only information about the single-particle spectrum. We define a sym-
metry group of the S matrix as a group of unitary operators which turn one-particle states into one-particle
states, transform many-particle states as if they were tensor products, and commute with the .S matrix. Let
G be a connected symmetry group of the S matrix, and let the following five conditions hold: (1) G contains
a subgroup locally isomorphic to the Poincaré group. (2) For any M >0, there are only a finite number of
one-particle states with mass less than M. (3) Elastic scattering amplitudes are analytic functions of s and ¢,
in some neighborhood of the physical region. (4) The .S matrix is nontrivial in the sense that any two one-
particle momentum eigenstates scatter (into something), except perhaps at isolated values of s. (5) The gen-
erators of G, written as integral operators in momentum space, have distributions for their kernels. Then,
we show that G is necessarily locally isomorphic to the direct product of an internal symmetry group and
the Poincaré group.




Unification of forces
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The starting point
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Searching for dark matter (supersymmetry)

Direct detection Colliders

Indirect detection




The Large Hadron Collider @ CERN

Overall view of the LHC experiments.
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Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 10%* cm? s

Bunch Crossing rate 40 MHz
Proton Collisions ~ 107 - 10°Hz
Parton

(quark, gluon)
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Building CMS

.....bhs.....\...‘.xxx..._%%
TR EE 4§




Building CMS




inally) finished

CMS (f

20



Big data?

100 T objects stored
in S3 up to 2021 (5 M

140 M hours/day

™ of streaming (1 GB)
71k B e-mails sent from

100k 2020-10 to 2021-09 (75 KB)

5
240k photos/min. 500 EB
10k shared in 2021 (total)
60k B spam (2 MB)
51.1k P
° e-mails(5 KB) Bly
60 GB/s WLCG

log size (PB)

@) 40k EB/yr
2 transfers in 2018 HL-LHC real
5.4k PBly 1.9k PBly data expected in 2026
1000 65k photos/min.
5 &3 YouTube shared in 2021 LHC real
(2 MB) data in 2018 1200 PBYy
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, N HL-LHC Monte Carlo
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100 263 PBly 252 "B’V (J G 240 PBly
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5 720k hours/day
of video uploaded (1 GB) 98.83 M new users 68 PBYy 3020321'”(9:1?3: LHC Monte Carlo
. i ' in . : .
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What happens?
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Triggering

Patrick Blackett

“ .. | set about, therefore, the devising
of a method of making cosmic rays
take their own photographs ...”

Nobel Lecture, 1948
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Fi1G. 1. Geometrical arrangement of apparatus.




Building our own computers

Streaming data rate [B/s]
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What did we learn?
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Search for Supersymmetry in pp Collisions at 7 TeV in
Events with Jets and Missing Transverse Energy

LI IIIIIII

2

L lllllll

The CMS Collaboration*| 106 - ,t
1 ;— 1l §'.
= || -y L
S G S8 -=
10—1__ Nl §\§§§\\\\ - N
S I - I Y \NSQES?\ \\ \"&\; - § NuN B
0 0.25 0.5 0.75 1 1.25 1.5
Abstract Or

A search for supersymmetry with R-parity conservation in proton-proton collisions
at a centre-of-mass energy of 7 TeV is presented. The data correspond to an integrated
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luminosity of 35 pb~! collected by the CMS experiment at the LHC. The search is
performed in events with jets and significant missing transverse energy, charac-
teristic of the decays of heavy, pair-produced squarks and gluinos. The primary
background, from standard model multijet production, is reduced by several orders
of magnitude to a negligible level by the application of a set of robust kinematic
requirements. With this selection, the data are consistent with the standard model
backgrounds, namely tt, W + jet and Z + jet production, which are estimated from
data control samples. Limits are set on the parameters of the constrained minimal
supersymmetric extension of the standard model. These limits extend those set
previously by experiments at the Tevatron and LEP colliders.
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Search for Supersymmetry at the LHC in Events with Jets — = (t, t, W,Z—>w) +jets

= i =
and Missing Transverse Energy = A ;A sevecess SUSYLMG s
— - o \ —
-n : : E NN
The CMS Collaboration* = * - it E
N L : i
\ S : AL
S ' \ i oxi N
- \\5' "’ v INHHRN N EE
- N\ RN § i' ]
— N N ! \§ ) NN LN
R T N | ) NNNE] N BNSS § NSNS L.
Abstract 0O 02 04 0.6 16 1.8 2
Ot
A search for events with jets and missing transverse energy is performed in a data
sample of pp collisions collected at /s = 7 TeV by the CMS experiment at the LHC.
The analyzed data sample corresponds to an integrated luminosity of 1.14 fb~!. In
this search, a kinematic variable, a, is used as the main discriminator between events : : : : : : : : : : : : : : : :
with genuine and misreconstructed missing transverse energy. No excess of events d(150p )Ge ! I -1 I
over the standard model expectation is found. Exclusion limits in the parameter space — CMS, 114 b s VS = 7TeV -
of the constrained minimal supersymmetric extension of the standard model are set.

In this model, squark masses below 1.1 TeV are excluded at 95% CL. Gluino masses
below 1.1 TeV are also ruled out at 95% CL for values of the universal scalar mass

95% CL limits:

Observed Limit (NLO), CL_ g(1500)Gev

parameter below 500 GeV. =:=:=:1 Median Expected Limit + 10
g(1250)GeVv
tanf =10, A =0 GeV,u>0 -
400 g(1000)Gev __|
" 1000-— '
~30x larger data sample tosmn_-
< jets + MET (CMS) — 1b@14TeV ',.
g oo \\\\\\\ — © 100/pb @ 14 TeV A ‘w, 3 |
= \ — - 50/pb@10TeV x o G :
600 \\s\\ﬁ 200_ 9/500' \-:......,\_,_._‘_ .
500 /\ N /O@D —— g {5 i
4oo~ ~ - \'\v__v§\ full CMSSM - :
::: T _ pn::::z o ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
R el & 0 500 1000 1500 2000
N \\\\\\ NO EWSB
O ~~200 400 600 800 1000 1200 1400 1600 1800 2000 mo (G eV)

mo [GGV]




28

And again ...

Search for new physics in the multijet and missing
transverse momentum final state in proton-proton

collisions at /s = 8 TeV

The CMS Collaboration*

Abstract

A search for new physics is performed in multijet events with large missing trans-
verse momentum produced in proton-proton collisions at /s = 8 TeV using a data
sample corresponding to an integrated luminosity of 19.5 fb ' collected with the CMS
detector at the LHC. The data sample is divided into three jet multiplicity categories
(3-5, 6-7, and >8 jets), and studied further in bins of two variables: the scalar sum of
jet transverse momenta and the missing transverse momentum. The observed num-
bers of events in various categories are consistent with backgrounds expected from
standard model processes. Exclusion limits are presented for several simplified su-
persymmetric models of squark or gluino pair production.

~20x larger data sample

slightly higher energy 7 — 8 TeV
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nce more ...
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Abstract o i 200 \ -
A search for new phenomena is performed in final states containing one or more jets 200 B R , B 100 i l‘. =
and an imbalance in transverse momentum in pp collisions at a centre-of-mass en- - o pnam=’ . Ao ' ]
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CERN LHC, corresponds to an integrated luminosity of 23fb™". Several kinematic 00 700 800 900 1000 1100 1200 1300 1400 1500 100 200 300 400 500 600 700 800 900
variables are employed to suppress the dominant background, multijet production,
as well as to discriminate between other standard model and new physics processes. m,g, [GeV] m,tv / ms [G eV]

The search provides sensitivity to a broad range of new-physics models that yield a
stable weakly interacting massive particle. The number of observed candidate events
is found to agree with the expected contributions from standard model processes, and
the result is interpreted in the mass parameter space of fourteen simplified supersym-
metric models that assume the pair production of gluinos or squarks and a range of
decay modes. For models that assume gluino pair production, masses up to 1575 and P ro b e d u p tO eX p e Ct ed I I I aS S eS I I I O re O r I eS S
975 GeV are excluded for gluinos and neutralinos, respectively. For models involving

the pair production of top squarks and compressed mass spectra, top squark masses
up to 400 GeV are excluded.

No hint of a discovery ... SusY BALE,

~2X smaller data sample o —
... but 1000+ citations el
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Looking elsewhere (with Al)
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The future

HiLumi

LARGE HADRON COLLIDER

Run 3 ‘
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Why was it worth it?
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The science ...

Physics

Supersymmetry doesn’t seem to be the solution to the hierarchy problem —
though may well exist at higher than TeV scale

No evidence (yet) for dark matter particles
Challenges us to think of new ideas!

Technology
Trigger systems are challenging technology but vital to science programme

Expanding to do more realtime processing and (much) more Al on chip, even
quantum computing
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The moral of the story ...
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@Imperial and all
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