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A discovery machine

The Standard Model of particle physics works great
There must be more!

Where did the antimatter go?
What are dark matter and dark energy?
How do we reconcile gravity and quantum mechanics?

2 / 39



The energy frontier

Main focus for CMS (and ATLAS) is to probe higher energies
Mass is energy – to see a new particle produced you need a machine capable
of making it
High energy is difficult – we use some of the most complex machines ever
created
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LHC
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Superconducting magnets
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Cavern
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To turn

this...

...into this

Frank Krauss/Durham University 9 / 39



To turn

this...

...into this
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And this

Nobel Prize in physics 2013, Higgs and Englert 11 / 39



How to make sense of this?
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What do we need to know?

How many particles pass through?
What direction are they going?
What is their momentum or energy?
What kind of particles are they?
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How does it work?



https://www.i2u2.org/elab/cms/event-display/ 15 / 39
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https://www.i2u2.org/elab/cms/event-display/ 16 / 39
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Geiger counter

by Svjo-2 17 / 39

https://commons.wikimedia.org/wiki/File:Geiger-Muller-counter-en.png


Silicon tracking

AMS-02 detector 18 / 39

http://www.ams02.org/what-is-ams/tecnology/tracker/


Tracking
Connect the dots

JINST 10 (2015) no.09, C09003 19 / 39



Momentum

Trajectories tell us where charged
particles went
Magnetic field causes curvature
Curvature gives momentum

radius = p
qB

Clark Christensen (BYU) 20 / 39



Energy

Design a calorimeter to cause lots of
interaction and stop the particle
Creates many new particles (a
shower)
Goal is to measure how much
energy deposited

21 / 39



Calorimetry

ECAL crystals

2008 JINST 3 S08004

Figure 5.8: Close up view of the assembled HB wedges, showing the optical cabling.

Figure 5.9: Cross sectional view of an HPD.

– 129 –

HCAL stack
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Jets
A different kind of “particle”

Often we want to measure a quark
or gluon
But when these are produced with
lots of energy you get a “jet” of
nearby particles
Most basic thing to do is add up
measurements for everything inside
a cone
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Back to this!

https://www.i2u2.org/elab/cms/event-display/ 25 / 39

https://www.i2u2.org/elab/cms/event-display/


What we get out
After a lot of complicated software processing

Lists of “objects”:
Electrons
Photons
Muons
Jets

Their properties:
pT: momentum tranverse to beam direction
φ : azimuthal angle around the beam
η1: 0 = perpendicular, ∞ = parallel to beam
What kind of particle we think it is

1 η =− log(tan(θ/2)) 26 / 39



Adding particles together

Heavy particles decay
Can only be detected by their decay daughters!
In special relativity, if you know the momentum and energy (or mass) of the
daughters, you can calculate the mass of the parent

A particle physics “search”
1 Pick a decay signature, e.g. two photons
2 Scan through events looking for it
3 Calculate the mass
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Search for the Higgs

https://twiki.cern.ch/twiki/pub/AtlasPublic/
HiggsPublicResults//Hgg-FixedScale-Short2.gif

https://twiki.cern.ch/twiki/pub/CMSPublic/
Hig13002TWiki/HZZ4l_animated.gif
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So we’re done right?
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What’s left to do?

Search for new physics!



New particle?
Atlas and CMS diphoton results
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More data says no
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Searching...

Mass Scale [GeV]
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...and searching...
Excited quarks
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Studying properties
Is the Higgs really the Higgs?

Does it have spin-0? X

Does it decay into the particles we
expect? X

At the right rates?
Produced in the amount expected?
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Decay to b and τ
Most recent results
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Into the future
Need to probe Higgs properties with an uncertainty less than 5%
Will need lots more data, fortunately there is a plan:
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Precision b-physics
Maybe LHCb will be the discovery machine?
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Are there new differences between leptons?



Conclusion
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Backup



How do we know we measure things correctly?



J

VOLUME 33, NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;

80- I242 Events~

70 S PECTROME TER

- H At normal current

Q- I0%current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

ψ
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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Calibrate with known particles
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Effects of trigger

dimuon mass [GeV]       

E
ve

n
ts

 p
er

 1
0 

M
eV

-110

1

10

210

310

410

510

610

10 2101

trigger paths
'ψ
ψJ/

-µ+µ → sB
Υ

 double muon
T

low p
 double muon

T
high p

 = 7 TeVsCMS    

-12011 Run, L = 1.1 fb ψJ/

'ψ

ω φ

Υ

Z

sB

44 / 39


	How does it work?
	Appendix
	How do we know we measure things correctly?


