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In Four
Sessions...

What is a “Collider”, why do you care
and how do they work?

The ATLAS pp Collider Experiment

e+e- Collider Experiments

i '

What can we expect from Collider
Experiments in the Future?

.
i

- - .
-
A
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Who am | ?

J. Michael Roney

University of Victoria
BABAR Collaboration Spokesperson
Fellow of the American Physical Society
Belle Il Coordinator of e- Beam Polarization Upgrade

Current Collaborations: Belle ||, BaBar, HFLAV

Previous:

Chair, the Belle Il Collaboration Executive Board

Director of Canada’s Institute of Particle Physics

Member of the T2K Experiment - receiving Breakthrough Prize for Neutrino Oscillation Discovery
President of the Canadian Association of Physicists

Chair, Department of Physics and Astronomy, University of Victoria

OPAL Experiment, Tau Lepton Physics Coordinator
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e*e Colliders

Advantage is that the initial state is well known

No need to worry about Parton Distribution
Functions!

Challenges :
Synchrotron Radiation Limits the Beam Energies

Cross sections require high luminosities to access
precision physics
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e*e” Colliders /—\
ALEPH LEP OPAL

Highest energy e*e collisions achieved at LEP

1989-1995 — Precision studies of Z boson
E.. = 88-94 GeV e*e” LEP1 circular collider at CERN (ALEPH,
DELPHI, L3, OPAL Experiments) and SLC [SLAC Linear collider]

(SLD Experiment)

Precision measurements of Z mass and width; weak mixing angle;
no. light neutrino species; upper limit on M, < 285 GeV @ 95%CL

Prediction of top quark mass:173%13 GeV prior to discovery

A DELPHI

1995-2000 - Precision studies of W boson and Higgs Searches
E..=130-209 GeV e*e™ LEP2 collider at CERN (ALEPH, DELPHI, L3, OPAL Experiments)

Precision measurements of W mass and couplings; searches for Higgs: set M;>114.4 GeV
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e*e” Colliders

Highest energy e*e" collisions achieved at LEP
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Physics Reports 427 (2006) 257 — 454 Centre-of-mass energy (GeV)
“Precision electroweak measurements on the Z resonance”
The ALEPH, DELPHI, L3, OPAL and SLD Collaborations .
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e*e” Colliders
Highest energy e*e collisions achieved at LEP

10°

Z h
I FP 104

LEP TIMELINE

22 May 1981: LEP formally approved by CERN Council.

13 September 1983: Groundbreaking and start of civil engineering.
8 February 1988: Tunnel excavation completed.

14 July 1989: First beam injected.

13 August 1989: First electron—positron collisions.

20 September 1989: Start of physics running -

s
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Physics Reports 427 (2006) 257 — 454 Centre-of-mass energy (GeV)
“Precision electroweak measurements on the Z resonance”
The ALEPH, DELPHI, L3, OPAL and SLD Collaborations -

Pirsa: 26070010 Page 8/71



Electromagnetic
calorimeters

Muon
detectors

Hadron calorimeters
and return yoke

e*e Colliders
Accessing Electroweak Physics
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Physics Reports 427 (2006) 257 — 454

“Precision electroweak measurements on the Z resonance”

The ALEPH, DELPHI, L3, OPAL and SLD Collaborations 10
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e*e Colliders
Accessing Electroweak Physics
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e*e Colliders
Accessing Electroweak Physics

In terms of the real parts of the complex form factors, o'

pr = R(%) =1+ Apg, + Apy,
K = ROAD) = 1 + Arge + Axy, '

¥
¥z
74
Y
the effective electroweak mixing angle and the real effective couplings are defined as "M

sin’ OZH = ks sin® Ow ) ' ) f
gve = /pr (T3 — 2Qs sin” Olgy)
Y ! 8ic — 8he  28VE8Af gvt/8Af
gar = /pr T4, At = —3 - 0 5 =2 2
‘ 8¢ 1 8Re vt T 8as 1 + (gvi/gAaf)
so that:
dog:
gvt _go(Fve) _, _ 2 gf L c U [(1 = Pecte)(] 20) + 2(Ae — Po).s cosb].
b R (%) =1 — 4| Q¢|sin~ O dCOSQ ] OF [( eZe)(1 + cos™0) + 2(o/e e)-/t cost]
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e*e Colliders
Accessing Electroweak Physics

3
A — Z‘wchﬂf.

Adp = .
AlrEB = E=“'=’ff
4
(P0) = —oA,
A=,
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dog 3
W P

dcos 8 ff [(1 — Pesl ) (1 + cos® ) + 2(of e — Pe).Ls cosb].
8Vf/8Af

of¢ — 8fr — 8Re  28vigaf
I + (gvi/gar)’

= 3 2 T 3 >
8Ls T 8rt  &vi T &ar

Observables

OF — OB
Arp = . *
OF + OB I &
o, —or | 0.5
IR = :
oL + orR (|Zel) 1
(6 — o)L — (0F —oB)r 1 .
ALRFB = s
(o + aB)1, + (0F + 0B)R (|ZPe])
Pr(cos ) = — /(1 4 cos? 0) +2.o/.cos 0 _d(or —a1) [d(or + a1)

Pe —
(1 + cos? 0) + 2.o/5.97. cos 0 y dcos0 dcost
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e*e Colliders
Accessing Electroweak Physics

mz = 91.1875 & 0.0021 GeV,
I'z =2.4952 £+ 0.0023 GeV,

pe = 1.0050 £ 0.0010,

sin? 017 = 0.23153 + 0.00016.

From the Z° width: Number of light
neutrino species is determined to be
2.9840 +0.0082
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e*e Colliders

Accessing Electroweak Physics 6
5 - A“fmsa)d ” _
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e*te” Colliders ~10GeV

Well controlled initial state allows o

. : . . ! Y(1S) Y(4S)
precision studies of CP Violation in F on-resonance
the B meson system _PF "Here be B

’ hieh E - _ f | off-resonance
Don’t run at highest energy E % _— 'B free zome”
Run at threshold for producing Lo} v e
B°BO 2 -

5+ t . Y
1 ey +e Hare, ..-.‘-'-‘.4;-‘*'" E ‘+. I

. P continuum background
i.e. at the Y(4S) (10'508—663\,) 044 946 18001002 T1034 1037 T1054 1058 1062
resonance.: Y(4S)9 B B e*e” Center-of-Mass Energy [GeV]

But need hiFh luminosity to get the
event rates!

16
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Visible universe seems composed only
of matter not antimatter

* Presence of antimatter signaled by annihilation
radiation.
e.g.: ee >y

* In local cluster of galaxies: no evidence of
radiation at boundaries between regions of
matter and antimatter.

e Cosmic microwave background shows no signs of
disturbance by subsequent annihilation radiation:
within 10 billion light years, no large regions of
antimatter
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Andrei Sakharov’s Three Conditions:

1. Baryon number non-conserving interactions must exist.
Otherwise total initial bayron number: n(B)+n (B)=0 can’t
change (e.g.:proton and antiproton must be unstable)

2. C-violating and CP-violating interaction exist. Must be
reactions with different rates for producing baryons and
antibaryons to generate an asymmetry.

3. No thermal equilibrium at time when conditions 1 and 2
operate. Allows density of particles and associated
antiparticles to be different

Brings interest to CP Violation Measurements .....

Turns out SM CPV is insufficient to fulfill requirement 2 !
Need CPV Physics Beyond the Standard Model
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CPT symmetry

Any locally Lorentz-invariant quantum field theory with must
have CP T symmetry

CP T symmetry is a foundation of the quantum field
theories (QFT) we rely on...

QFT - the most stringently tested theory in physics...
electromagnetism, weak interaction, strong interaction

23
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CPT symmetry

* Predicts, for example, that particles and their antiparticle
partners have the same mass and lifetimes

* Tested in many systems, none show a significant deviation, the
most stringent is:

(Mo =myo)/m, <0.6x10"*@90%CL
Under CP T if CPis violated T must also be violated

The magnitude of the CP violation has to be exactly compensated
by the magnitude of T violation to preserve CP T

Pirsa: 26070010
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Parity Operation:
reverse the sign of the spatial coordinates
Ply(x,y,2)) = Hw(-x,-y,~2))
and P*|y)=|w)

Changes direction of momentum, but not of angular
momentum, so has effect of converting handedness

of particles.
, 8 )
P parity —s o O
—.
Y P
Right Left
Handed Handed

Strong and electromagnetic interactions are

invariant under parity operation.
26
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1. Baryons: three quarks
e.g. proton: |[p>= |uud>

Quarks confined by neutron:|n> = |udd>
strong interaction to 2. Mesons: quark-antiquark
HADRON bound e.g.pion: | n*>=| ud >
states el L

kaon: | K°>= |ds>

Ko>=|sd>
B-zero: |B°>=|db>

B-zero-bar: |B°>= | bd>

27

Pirsa: 26070010 Page 21/71



irsa: 26070010

WEAK INTERACTION MAXIMALLY VIOLATES Cand P
(W Bosons are purely LEFT-HANDED).

Cve)=" )
PlVp)=|Vg )
‘ ‘_/L > and ‘ Vi > don' t exist
(or do they exist as sterile neutrinos ?)

BUT CP together is (almost) respected by the weak interaction
(Susumo Okubo1958)

CP|VL>= ‘VR > does exist

28
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CP is violated

1964 CP violation is discovered in decays of
neutral K-mesons:

K°= |ds >and K°= |s d >

If CP is conserved:

CP[Ks)=+Ks) Kg—ar  7=0.09ns

K,)=[[K)-[K°)

CP|KL> - _|KL> KL — T T=O .OS‘U, S meeliccl-lglgaz: Ir:gntusedm the CP violation experiment at
. . 1980 Nobel Prize
Cronin and Fitch found K, also decays to i CP=+1 .

state in violation of CP conservation
Small effect: only 0.2% of decays go that way

29
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From 1980 Nobel press release

“The discovery emphasizes, once again, that
even almost self evident principles in science
cannot be regarded fully valid until they have
been critically examined in precise
experiments.”

Excellent example of the high impact of
precision measurements

30
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Most Promising Theory based on hypothesis of quark mixing...

Quantum states of quarks with definite mass (‘mass eigenstates’)
actually mixtures of quantum states partaking in the weak
interaction (‘weak eigenstates’) [Cabibbo, 1963]

weak eigenstates: d’ and s’

d'=dcosf_ +s sinf. ( ‘l:ll, ) ( (S:' )

s'=-d sinf. +s cosl. L L

cosd. =0.98; smnd.=0.22
Describes observation that weak interaction crosses the generations:

both u—W d (dominant) and u—W s exist

both c>W s (dominant) and ¢c—W d occur
AND

quantifies relative strengths of the transitions

Pirsa: 26070010
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Quark Mixing matrix is Unitary: M M*=1
d”) (cos®. sinf dY (Ve V) (d
s’ ) -sinf . cosf S Vg V. S

For four quarks (first two generations) there
is only a single real parameter: 0,

In a parameterization emphasizing the near
diagonal character of the matrix uses
the single real parameter: A

S )
e )T AL b a
Vcd Vcs — A l_ﬁ

\ 2 J

A=ging, = B.22
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1972 M. Kobayashi and T. Maskawa: if the mixing matrix were
3x3 instead of 2x2, then some of the elements could be complex.
With complex elements, CP violation can be introduced through a
phase. 3-quark mixing matrix looks like:

(d’Y  (Vu Vi V) (4

us

8| = |V, ¥V V., S

CS

\b,/ \th Vts th) \b)

Amplitudes for W- radiative processes: P Vi

= : viol
d,—>Wuy and u—->W d C O a*ted
are proportional to V;; if Vij =Y i

Amplitudes for W* radiative processes:
u—>W+d, and d—>W* u
are proportional to V; <
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Cabibbo-Kobayashi-Maskawa Matrix idea...

An amazing theoretical proposal especially given that in 1972:

eQuark theory still not established

*Only three known quarks anyway ... not even a complete second
generation

eIntroduce a third generation... completely speculative

What is AWESOME:

within 5 years... c-quark discovered (‘74) — completing the 2" generation
then tau (‘75) and b-quark (‘77)

Quark model on firm footing as well CKM matrix formalism

BUT AT THAT TIME: NO TEST OF CP VIOLATION PREDICTION

34
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3-quark mixing matrix has four real parameters
- can be expressed in terms of parameters
motivated by values of the CKM measurements: A, A, p and n

Vud Vus Vub
Vcd Vcs Vcb
th Vts Vlb
2
1-)“ A AL (p-in)
2 T
) - = AA2 + @Y
AL*Q-p—-in) -AAL‘? 1

CP violation in this model requires:

V,, and V.4 non-zero and complex relative to V4V,
Orthogonality of pairs of columns is a requirement of unitarity
of the CKM matrix so, for the 1st and 3rd columns:

Vudv*ub o Vcdvcb* ¥ thth* =1

35
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ViaV* 0 + VegVer™ + VigVe™ =0
Requires sum of 3 complex quantities to vanish:
can represent this in the complex plane as

‘unitarity triangle’
(PJ?) B“%TCTC

’/ud l/ub V V"

V V'-" td " th

cd” b *

VeaVer,
(0.0) (1,0)
0 0 0
B, —¢KY, BY—J/ WK,

Normalize the sides by |V 4V, "|: height is ) the imaginary parameter
CP VIOLATION — area is non-zero & angles non-zero
- want to overconstrain to look for NEW PHYSICS

36

Page 30/71



‘unitarity triangle’
Be aware: Belle(ll) uses different notation:

¢ =B ¢,=a ¢;=v

(p.1)

B'—mrw

-

V..V

v} ub
*

FearV o6

(0.0)

B, —¢KY, BY9—J/ WK

Normalize the sides by |V 4V, "|: height is ) the imaginary parameter
CP VIOLATION — area is non-zero & angles non-zero
- want to overconstrain to look for NEW PHYSICS

37
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Constraints for the (p,n) triangle apex

1 I T T T
F A : o
05 L Am JAm, Blue blobs, 95% CL
. estimates of a set of
0.6 - theoretical mg els before
= i i B mesopF gasurements
04 | & N .
0.2 L IVub/Vcb| A fT;’ ' :
0 [ 1 1 | 1 ( I 1 /u 1 1 1 | /\ IB L .
-1 0.5 0 0.5 ]
B, mixing = Amy P

b—>ulv, B =>plv=V, ,D*lv=V_
B, mixing = Am_/ Am,
Kaon mixing & By decays = g
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PREDICTION OF CP VIOLATION IN CKM PICTURE:
Many and some LARGE EFFECTS in
Neutral B-MESON SYSTEM

|B%=|d b>& | B%=|b d>.

Among First channels to be studied:
B> J/yK°gand B°—J/y K%

Advantages: theoretically clean of strong interaction

uncertainties; easy to experimentally identify
I — 00

‘reasonable rate’: fraction of decays in this mode 0.001

[ + factor of ~0.12 for BR (J/\Y — ¢+ () ]

39
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Just as with kaons: neutral B mesons participating in weak
interaction is linear combination of strong eigenstates:

B.)=[p|B°)+4q|B")]

CP\ L>z+‘BL> where |p|°+g|" =1

B.)=[p[B")-4/B")]
CP\BH>z_‘BH>

These states have slightly different masses:

Am=0.3x10"eV,

but the same lifetime, 7:=1.6 ps
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Starting with pure B® or B state, it will

oscillate to the other state MIXING
t b
d —
with frequency B’ %’W g'w B’
(measurement at the time) b - s
t

2TTAm, A = (27) 0.493 £ 0.012(stat) £ 0.009 (syst) ps-!

= (c) 23M B BO events use dilepton decays |
: ., T~13ps )

Asymmetry / 0.24 ps

irsa: 26070010 Page 35/71



Pirsa: 26070010 Page 36/71



Pirsa: 26070010 Page 37/71



Pirsa: 26070010 Page 38/71



Pirsa: 26070010 Page 39/71



Pirsa: 26070010 Page 40/71



Pirsa: 26070010 Page 41/71



Pirsa: 26070010 Page 42/71



Pirsa: 26070010 Page 43/71



Pirsa: 26070010 Page 44/71



Pirsa: 26070010 Page 45/71



Pirsa: 26070010 Page 46/71



Pirsa: 26070010 Page 47/71



Pirsa: 26070010 Page 48/71



Pirsa: 26070010 Page 49/71



Pirsa: 26070010 Page 50/71



Pirsa: 26070010 Page 51/71



Pirsa: 26070010 Page 52/71



Pirsa: 26070010 Page 53/71



Pirsa: 26070010 Page 54/71



Pirsa: 26070010 Page 55/71



Pirsa: 26070010 Page 56/71



Pirsa: 26070010 Page 57/71



Pirsa: 26070010 Page 58/71



Pirsa: 26070010 Page 59/71



Pirsa: 26070010 Page 60/71



Pirsa: 26070010 Page 61/71



Pirsa: 26070010 Page 62/71



Pirsa: 26070010 Page 63/71



Pirsa: 26070010 Page 64/71



Pirsa: 26070010 Page 65/71



Pirsa: 26070010 Page 66/71



Pirsa: 26070010 Page 67/71



Pirsa: 26070010 Page 68/71



Pirsa: 26070010 Page 69/71



Pirsa: 26070010 Page 70/71



Pirsa: 26070010 Page 71/71



