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Timeline (Places: Europe & United States)

What Year Where Machine Type Reaction / Signature
NC 1973 CERN Neutrino beam on Gargamelle Bubble chamber A Neutral current events in v interactions -» 9y, - my, ,m,
1974 BNL p(30 GeV) on Be target p+p— et +e” +x;invariant mass of ete”
+ A + -
1974 SLAC SPEAR(3 GeV e* + 3 GeV e™) e’ +e"— hadrons or = u” +u
Cross section scan measurement vs energy
J/Y — charm
<
% e*+e~ - hadrons
1974 Frascati Adone(~1.5 GeV et +1.5GeV e™) = et+e > put +pu”
o Cross section scan measurement vs energy
=
T 1974 SLAC SPEAR(3 GeV et + 3 GeV e™) et+e - ut +e~ (pair production of t+17)
Y—-b 1977 Fermilab p(400 GeV) on target Peak in the invariant mass of u* +p~ pairs
+ -_
Y—b 1978 DESY DORIS(5 GeV e* 5 GeV e~ ) _ e +e"— hadrons
Cross section scan measurement vs energy
w 1983 CERN SppS (270 GeV p +p) u+d->W- ->et+v(8%BR)
20 fda)
\*Z i
Z 1983 CERN SppS (270 GeV p + ) § Vf S q+G—2Z—p" +u or > et +e-
, _ > ‘ > _ o
top 1994 Fermilab Tevatron (900 GeV p + j) S o tf > W*W-bb
A A
Higgs 2012 CERN LHC (3.5/40TeVp+p) ‘ l H—>ZZ > ¢0¢¢; H-> yy;H > WW - evuv 2




... More Quarks?
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What was known @ beginning of 1970’s: What was NOT known @ beginning of 1970’s:
* leptonse, p, ve, v, and
 quarks:u, d, s the structure in families
200
Fermions -
150|— Q >
n o T
( ) ( vi) Leptons > T =
! G [ N
3 100 =
First Second Third > i : ,
family family family B Colliders
50_—< 1t >
Suddenly in a few years many new things -
were discovered and thg pattern of a B @ Beam on target
more general and organised schema - > o
H H =h .J I 1 1 1 1 I 1 I 1 1 I 1 11 1 I 1 1 1 1 I 1 11 1 I 1 1 1 1 I 11 1 1 I
started to be visible 020 75 a0 85 s s5 100 105 1o 115

including Z & W Vector Bosons Year - 1900 4
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Bubble Chamber Gargamelle at CERN < History!

vulN — vy, + hadrons

e (or por
n) in the
liquid at
rest

e /q

Gargamelle Bubble chamber@ CERN: detector filled with Freon (*)
at a temperature close to the boiling point.

« charged particle generates a large number of visible bubbles
» A photographic camera can take (random) pictures

» sometime interactions are captured!

* Eye scan !l

Gargamelle (4.8 m in length, 2 m in diameter)
» designed to detect neutrinos & exposed to muon-neutrino beam

Neutrinos are not visible in detectors but the charged products of
its interaction are visible. — indirect detection

* operated from 1970 to 1976

(*) Freon is a dense liquid — large amount of material — increased
the probability of seeing neutrino interactions.

5
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Z Boson — “Neutral Currents” at Gargamelle

vulN — v, + hadrons

July 1973: first direct evidence of the

weak neutral current (NC)
— indirect evidence of Z

— existence of a neutral particle that

couples to neutrinos (to carry the weak
fundamental force, the “2”).

Two types of events: interaction of the neutrino with
« an electron (1 event)
« ahadron (proton or neutron) 166 events
Neutral current event: the neutrino enters invisibly, interacts, generates an
isolated vertex (from which only hadrons/electrons are produced), and then
MOoves on 6
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Neutral Current Events in Gargamelle (1973)
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The Resonance Shape:

Example Z Decay

Resonances — Unstable states

e

Main production modes (LO Feynman
diagrams) forete™ - utu”

* In the region g% « m% — due to the Z
mass in the propagator M, > My,

QED diagram
P4 P3
Y
e e
P2 P4

(¥ couples to all

(Z couples to all

The

/

* In the region q% >» mj — both terms charged particles) fermions)
contribute M, ~ My; . g%

* Inthe region g% ~ m% — the Z \ My o — / \ Mz o ———
propagator is such that Mz > M,,. q L

g, . "
Alpparent 97 Need to account for the instability of the Z boson (the same for all
divergence Mz o« —— - .
o g*—m unstable particles —Resonances);

at g2 = m2 z

— lifetime T (width) = 1/1 (lifetime)

w o e—imt
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— c’boce

—imt

It works: yi* = probability of finding a particle at time t - Yy* « e~t/7

e

—Tt/2
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he Breit-Wigner Resonance Formula (for the Z)

10° E | ' 3
We accounted for decay by replacing ]
m-m—il/2 v+Z ’

We use this replacement also in the propagator 10*

9]

m

O
Lol

my; > my—il,/2

m5 — (mz —iT7/2)* = my — imzl'z — 117, g 10°F E
1 1 ] : :
— . | _
R I, K my - 2 I'Z small 10° £ :
The cross section will be given by (s = g?) I —
- , | , | Tt
1 1 Breit-Wigner formula o 100 200
o o M « — = %) o \s/GeV
s —my + imzl'z (s — mZ) + mZFZ
MET= 47 (2J + 1) BRin BRout

More correct (any resonance); 0(s) = Omax CESTAEESIE: Tmax = 3 25, 7 D25, + D



(Resonant) States?: J/¥ ...and the heavier rest

Two steps: Elastic scattering, final state = initial state

. i 2J +1 r’/4
Search for new quarks — a new hadronic 0o (E: J) = dni’ (2J +1) / .
resonance (25, + 1)(2sp + 1) [(Er— E) 4

* Understand which quarks compose it

The cross section increases very rapidly iffCMS energy ~ the mass of the resonanoe]you search —

» Lepton (e”e) collider with a variable beam energy do a scan — peak in the cross-section

* hadronic beam on a target you cannot do 'a scan’. However the x,, X, distribution of the partons, will generate
many ‘effective’ centre of mass energies; the invariant mass of the decay products will have a peak at the mass
of the resonance.

Toni Baroncelli: Introduction to Accelerators

Where Reaction used Method
ete > J/Y - ete, Cross section scan —
SLAC ?
u*u~,hadrons resonance shape

BNL p + Be ]—» JY —hadrons Peak in invariant mass

10
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The J/ ¥ Discovery in Hadronic Interactions
(via Drell-Yan Processes)

Hadrons (or lepton pair) production in a AV collision:
quark-antiquark annihilates — virtual photon which

* couples directly to the resonant state
* Or gives rise to a lepton—antilepton pair or jet of hadrons
(‘continuum’).

This process is generally known as ‘Drell-Yan’” mechanism.

There may be several cases:

» the g is a valence quark carried by a pion beam When the effective energy of the interaction (x;+x,) /s
* In pp collisions — g from the sea. coincides with the mass of a resonance then the photon
* Inpp collisions g is valence quark in the p (mostly) couples directly to the resonant state.

11
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The J/ ¥ Discovery in(e*)Colliders

Width of the resonance invisible in this scale
Peaks = resonances

b continuum_

+

e q
>«A7N‘4§ hadrons
e q

in the continuum (away from resonance peak) region, the
y gives rise to a qq pair which then produces hadrons
(two well defined jets at high energies)

- N
3102§ / n‘||||l,|.1.\\ T T T T T TIT]
C \ \
103 ¢ ,;I,(zsl,j Y, resonance N
C 1 1 U4
1074 : | : ! Z \
= = o I 1oy
E 10°5L L AR
? - , ‘\ / ! : :
10-6 .=— continuim R4, | :.
107 ¢ JVs(GeV) \/
10—8 C | L1111 I 1 1 1 L1111 I 1 1 1 L1111 I
1 10 102
a fesonance at the energy corresponding to a

resonance
qq

qq resonance, with spin-parity

hadrons J© = —1, the y (mostly) directly
couples to the resonance which
then decays in hadrons;

The ‘new’ (@1974) resonance:
J/Y,ccC system

12
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Cross Section Calculation in ete Interactions

ool (E; J) = 4mx? 2J+1)
elastic (25, + 1)(2sp + 1)

Standard expression for the cross sec

',4—2_§‘\ a +
[ \L/4 gk, ] ~ yULee| U0l ~
(Er —E9*X T2 Ju % hadrons
o resonance
tion close to the resonance mass e aq

Resonant annihilation of an electron-positron pair and a decay into hadrons: |77 in the numerator — I, 17},

I, is width (BR), proportional to formation probability ete- — resonance F=Th+Te+1I,...
« [ is width (BR), proportional to formation probability resonance — hadrons

IZ In the denominator is the total res

onance width in MeV (~ 7}, in this case, I is small).

"’—-_~\\ ° J=7, S1=Sg=7/2
ot @I+ [ Teeln/40_

o(eTe” — J/¥ — hadrons) =

w2(2J + )T, 37x2T, T,

(251 + 1) 252 + DI(E — Eg)® + I'2/4] ~ 4[(E — 3097)% + I'2/4]

3097 MeV = m_» mass

90URUOSSY

13
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Cross Section Calculation in ete Interactions

o /
_ 3£IIZT wl Y e ))
+ ee N —
o(e"e — J/¥ — hadrons) = — = ~ had j
( ad ) = E 3007 + /4] >M~<: fdoe = | =
e resonance hH
* O
I/hls expressmn D)
o ! }\F is the ete™ de Broglie wavelength in the centre of mass. In e*e™ colliders beam energy :%S %
at the J /1 resonance p = m]2/¢ 397 MeV > 1 =0.127 fm 8
« 3097 is the mass of the J/y
» T'is the resonance total width =93 KeV; FF = 0. 05 = 0.88
+ — 2 Tee Iy O
o(e"e” — J/¥ — hadrons) = 3nX | = 0.07 mbarn. / O
S D)
This cross section is the resonant component only, the continuum em contribution, e+e‘ ol hadron), %"
4 he)?
o(ee” — y — qq — hadrons) = N¢ meM ( C) Z Q E
has to be added. At 3 GeV this contribution amounts toj~ 20 nb (mb/nb = 106) 3
\_ Y, 14
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Cross Section in ete— e*e, uur

For v/s < 30 GeV the u* u~ production proceeds through the
annihilation et +e~ - .

4rag,, (hc)* 1 86.8 [nb]
3 s s[GeV?]

olete sy ->up)=
continuum

Invariant mass reconstruction:
* Easier with leptons in the final state — tracks
* Much better reconstructed than final state with quarks — jets

winnuIuon

15
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To

The Experiments
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Ingredients to an Experiment

(p + target) and (e*e colliders) » eTe™,u 'y~

What you need How you do it

|dentify two electrons

measure the momentum of both electrons

|dentify two muons

measure the momentum of both muons

Two opposite charged particles

|dentify electrons = distinguish them from two ‘any’ charged tracks

1.

— look at the shower in EM Calorimeter, an electron is contained

2. — the energy in EM Calorimeter ~ reconstructed momentum
1.
2. — tracking detector(s)

— well known magnetic field

1. Inside magnetic field (large volume, difficult and expensive)
2. Before and after the magnetic field. In this case — two arms

|dentify muons = distinguish them from two ‘any’ charged tracks

1.
2.

1.

— heavy material after trackers to filter all other charged particles
— the energy in Calorimeters ~ compatible with a particle that
doesn’t shower

— well known magnetic field

2. — tracking detector(s)

1. Inside magnetic field (large volume, difficult and expensive)
2. Before and after the magnetic field. In this case — two arms

1. Radius of curvature of opposite sign
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INg's Experiment at Brookhaven — | discovery

beam — peak in ete~ invariant mass . harnioers
| p P | Propog‘%na\ © an otne?

c_ésm o each O r
(a) 0 Im 2m -\% g 3 ((o’ta’ie 0 C__.—-- 1
R — S £ < B 0 \
> Q D A T A -
g © 5 AT
% MZ O o O _/\ \ \
M et —
A ' 0 Ce '
eam \
SNV B === A
SOW /l
/ CG
M
Target
g " easu%_’_\
WS *\/
v -
T s s 2 : B
(9) 5 m =wm @-m1+m2+2[E1E2—p1p2c08(91+92)] C

AG = +1° Ap = +2°; Acceptance Am = 2GeV; 3 spectrometer settings — study m 1to 5 GeV

» two magnetic spectrometers for e* and e~
* invariant mass resolution ~20 MeV for the e*e™ pair
« electrons and positrons identified using Cherenkov counters, time-of-flight information, and pulse height

measurements. o
Spectrometer — limited acceptance !

two banks of 25 lead glass counters of 3 Xj

each + one bank of lead-Lucite counters

18




The Discovery of the J
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Hadron interactions— Peak in invariant mass distribution

50
4 EV A
- 20F EIectronECAL HCAL
(b) Ev
40+ Le
| All Events 15l Hadron
30 :"[
. EE oL hadrons
20 iJ' Events with Hadrons
_ ' %< Moy 3.2V oL l ElectronstHin agreement with
ok test-b calibration
: § L A0 all . ;
, X : 0 100 200
-8 -4 0 4 8ns Channel No.
Time of flight between e* and e- Pulse height spectrum of e* and e in lead-glass
et and e from the J/¥ decay arrive at the same Electrons are more contained that hadrons —
time, t,+ — t,- = 0 (time resolution). Pulse height spectrum of electrons >
 Peak ~ 0 — J/¥ decay Pulse height spectrum of hadrons

+ Remaining part accidentals

19
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The Result: m,, Invariant Mass Distribution

« Tracks in the two magnetic arms are reconstructed
« Events with wrong time-of-flight are rejected

« Events with hadron-like depositions in the lead glass are rejected
» Correct charges are selected

The resulting invariant mass distribution mg, —

A clear peak at ~ 3.1 GeV is observed,

the width of the peak is consistent with O width — width is due to detector effects

EVENTS /25 MeV

A 10% reduction of the magnet currents — larger acceptance — more events
No effect is observed in the m,

The new particle was proposed the name “J”

70| SPECTROMETER

80

-

242 Evem‘s»g

B At normal current
60+ [J-10% current

| %
20+ %
10 é
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The MARK | Detector at SPEAR/SLAC

SLAC: e*e” collider CMS energies >
between 2.5 and 7.5 GeV

Increase of cross section

MARK I: a multipurpose large-solid-angle
magnetic detector (~1970s)

» cylinder around the beam pipe
» detector-disks in the FW and BW direction

» ‘ID’ was a cylindrical spark chamber inside a
solenoidal magnet of 4.6 kG.

» Time-of-flight counters for particle velocity
measurements,

» shower counters for photon detection and
electron identification,

» proportional counters inserted in iron
absorber plates for muon identification.

e*e” interactions — Vary beam energy — Scan in cms
energy — Peak in cross section versus cms energy

MARK I — magnetic detector at SPEAR/SLAC

MARK | — exploded view
- The ”psion” family was discovered

MUCN SPARK CHAMBERS
. \,ﬂ at SPEAR by using MARK | detector!

MARK | — beam’s eve view

} MUON WIRE CHAMBERS

} 1rON (8 1n.)

~SHOWER COUNTERS (24)
~—a-cou.

= "mlecsn COUNTERS (48)

f_ \\?\

“.\ ~TRIGGER , !
~ coJmtRS(z)

Cylindrical magnet (5 KG / 20 m3)
16 cylindrical wire chambers

PID detectors

Trigger chambers (tof)

Shower counters (e identification)
Muon wire chambers

R.F. Schwitters et al., Ann. Rev. Nucl. Sci. 26 (1976) 89

08/11/2007 TU Darmstadt, Jacek Otwinowski 10




The Discovery of the ¥

energy scan (200 MeV steps, no structure expected!)

Mark I i Dotted line is a calculation: expected shape of i
1
1
to study ete™ - hadrons i

Toni Baroncelli: Introduction to Accelerators

— 200 MeV is much larger than the J/¥ width of ~100 KeV — - "'_'."";","'{"'l """
5000 : ]
The data: i o (a)]
» ~constant cross section BUT the value at 3.2 GeV ~ high 2000 + .ﬂ I |
* inJune 1974 additional data at 3.1 and 3.3 GeV — irregularities .". i
at 3.1 GeV 1000 ."". ! g
-« — remeasure this region. 500 F ." '-‘. | -
— i P - )
Scanning this region in very small energy steps revealed an enormous, E 200 k «" ‘\\ E
narrow resonance. b by i
The increase in the cross section at 3.2 GeV was due to the tail of the 100 3 ! ‘\‘ i
resonance 50 | ,: e
The anomalies at 3.1 GeV were caused by energy spread of the beam - 1y / )
and by radiative corrections near the lower edge of the resonance, 20 }
where the cross section was rising rapidly. -
10 3.10 3.2 314

One 200 MeV step Ec.m. (GeV)




The width of the J/ ¥

Toni Baroncelli: Introduction to Accelerators

Final states with e*e” and u*u : the same pattern 200 | ©]
vs /s as that of hadronic final states but with less 100 L ¢ .
statistics : : : ¢ |
500 | ote- (b)‘:- 50 | + W
How to compute the width of that resonance? 200 : | 20} {}
] . ;8, 100 . 10 =
The profile of a(s) is due to energy spread of b . i s f f :
the beam and by radiative corrections 0 f ¢ ; ¢ ' > + f _
20 | . 2 !
BUT: the area does not change and can be ‘ . | | : |
| .
expressed as: [oe,Thaqg = rate of events 3.10 312 314 310 302 314
. T Ec.m. (GeV) Ec.m. (GeV)
o(e+e——>.l/1p—>hadr0ns)=3@[ eezh] - o
r A o 67(2reerhad
J /Y resonance — beam energy p =m#2/”’ —>®= 2h/my py, rea = M‘% Cior

The area under the resonance ~10 nb GeV.
Fhad ~ FTOT y Mlp = 31 Gev,

— I',e = 5 keV. (Later measurements: total width between 60 and 70 keV 03



And of the ¥~

Toni Baroncelli: Introduction to Accelerators

Ten days after the first discovery, a second narrow
resonance was found. The search continued, but no
comparable resonances were found up to the
maximum SPEAR energy of 7.4 GeV.

Figure 9.1. An example of the decay /' — ¥+ 7~ observed by the SLAC-LBL Mark I Collabora-
tion. The crosses indicate spark chamber hits. The outer dark rectangles show hits in the time-of-flight
counters. Ref. 9.5.

http://crunch.ikp.physik.tu-darmstadt.de/nhc/pages/lectures/rhiseminarO7-08/otwinowski.pdf
24
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The Discovery of the tLepton

MARK | @ SLAC: while studying W,V ’ another discovery nearly as dramatic as that of the W.
In 35,000 events, 24 events with a p and an opposite sign e, no additional hadrons or photons.

These events were interpreted as the pair production of a new lepton, T, followed by its leptonic decay. The leptonic
decays were

efe” -1t~ T > ev,v, T = UV v,
Threshold at E,,,, = 356411,
2 x m; ~ centre of mass energy where ‘anomalous, events appear - m, = 1782%1,
e*+ 8™ — e~ « non showering track + any photons (pb) * ! ' L L L
10 F - ® electron events
' Later @DASP S 100 © muon events n 0.15 =
'g Later @DES\l [ Charm
hreshold .
- ——————y — Spin 1/2
pe] =1 ") 5 0O.10 ]
c ° .
- ) - g a «
05 r )t G 50+ i
< " v { |
& 8 | U T T 0.05 i,
N Upper timit 120 > Spin O
~ /
M + 3 o 0 1
% 40 45 50 55 5 (GeV] 38 40 42 44
W (GeV) Ecms Ecm  (GeV)
Threshold Threshold Threshold 25
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The Fifth Quark, the “bottom”

The discovery of Fermions
» the J/ — charmed quark ‘
« the T and its neutrino @ @ o 7" Quarks
suggested a new pair of quarks.
— same techniques used to discover the charmed quark: (m) eptons
ete annihilation and hadronic production of lepton pairs

Discovered fermions

Leon Lederman and his co-workers searched for peaks in the ptu- First Second Third
spectrum at high energies by family family family
 collisions of 400 GeV protons on nuclear targets at Fermilab
» double-arm spectrometer set to measure p*u~ pairs with invariant

masses above 5 GeV with a resolution of 2%.
» Hadrons were eliminated by using long beryllium filters in each arm.

1977 a clear, statistically significant utu~ peak was observed in the 9.5 GeV region with an
observed width of about 1.2 GeV (very largell).
Later: the large peak was better described by two peaks at 9.44 and 10.17 GeV which were given the names Y and
'Y'!
a repetition of the J/P and (’ story
26



Fermilab: Dimuon Resonance at 9.5 GeV/

» Hadron Filter to stop hadrons and leave only muons
*  Wire chambers and scintillators to reconstruct the muon trajectory
* Muon momentum measured twice (bending): after 1] air dipole and 2] after iron dipole

dipoles at lower current — lower bending — lower
momenta — lower masses — collection of a sample of J/W¥

Toni Baroncelli: Introduction to Accelerators

and of ¥’ to be used as control and calibration.
— v S
3000} 2b) | 9
NUMBER OF '
EVENTS Wit -} S ::> ;
2.3 <M< 5GeV N . :
1000} 2404 - 1Q i L MovaBLE
- e
SO0 fj/ Yand¥’ - TARGET 2 '
300+ .COIntI’O|. and - D @ STEEL ISCINT
calibration sk & 5 HEVIMET CTR
O = G [E seAvLLumM
100§ : Or s = pwC . :
osk° S & [7] cH, PWC = Proportional Wire Chamber
i - =€ ! i L o
50 7 S G5 26 25 30
3 a ' L -~ METERS
m,, (GeV)
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The Upsilon at Fermilab

O

i

d’c
drmdy yeo (e"/GeV/nucleon)

i

T T
3o0)
£+ NUCLEUS ~ s u +ANY THING

. B

350 events

» A significant ‘bump’ excess is observed at ~9.5 GeV in mass
* Excluding the 8.8 to 10.6 GeV region — the distribution = simple exponential f
* The exponential form has an integral of 350 events in the “excluded region”

while data contain 770 events

* “The observed bump is larger than the mass resolution of 0.5 + 0.1 GeV.
» Fitting the data minus the continuum fit with a simple gaussian gives:

Mass = 9.54 + 0.04 GeV”

Increase of cross section

Later it was realised that the width of the

‘excess had to be interpreted with

the superposition of two states:
the Y and the Y'.

These states were identified few months later
at the DORIS accelerator in DESY

0(lO'”cm’/l’SeV/nucleort)

R

d’o
dmdy

5 3b)

; |

2"! { l ]

| -

L .

i =
el
6 8 (o] 2

m{GeV)
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DORIS at DESY

May 1978 the PLUTO and DASP Il detectors at the DORIS
e*e” storage ring at DESY were able to observe the Y at a

Mmass
M, = 9.46 + 0.01 GeV

As for the J/,
I'y — ete” = 1.3+0.4 keV (area under the resonance)
The comparison with models indicated that the new quark had
charge —1/3 (not +2/3)
The new quark was called the “b” for “bottom”: practice of
writing the quark pairs (u, d) with the charge —1/3 and (c, s)

below the charge 2/3 quark.

Thus the sixth quark was called “t” or “top” (before its
discovery).

Doris
circumference 300 m
2 interaction zones

» H-LINAC (p)

DESY Il

o Electrons

e Positrons
—« Protons

E Synchrotron
" Radiation Lab.
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The Upsilon at DORIS

" fove a T ) T |
a R T pLUTO f

| DASP-I g N

A.O: . 5 10 ;
20k #‘ 1 [
41 ++H_H&J :

- eTe” — hadrons
9.35 9..0 9.45 Gev 9.50

b
- 5
|~
i T
e e” = hadrons —

0.0

i /////// / //

N \.i\\\\\\\ﬂ

. DASP-II b

e T [ S e 0
F oy - T9i0 942 940 946 948
\—e'e” = hadrons | Eem(GeV]) 30



The Upsilon at DORIS

Toni Baroncelli: Introduction to Accelerators

'f.;o Gis ' With the help of an energy upgrade, in May 1978 the PLUTO AR
a1 and DASP Il detectors at the DORIS e*e- storage ring at ¢
801 Y + 1 DESY were able to observe the Y. The determination of the
A mass of the resonance was greatly improved: M, = 9.46 + ]
5.0F I\ 1 0.01 GeV. Moreover, the observed width was limited only by { : n
DASP-I| * + the energy spread of the beams, so that it was less than -
el \{ | 1/100 as much as that observed in hadronic production. :

» + _*_ #\ Just as for the J/, it was possible to derive the partial width
= } + ?‘* + ] for 'y — e*e” from the area under the resonance curve, with
| etem 5 Hadrons the result I'y - e*e” = 1.3+0.4 keV. Using model calculations
0.0555 375 355 e 9soderived from the (p system, it was possible to predict I'y for the
' - ; cases of charge —1/3 and +2/3. The comparison indicated

e e” = hadrons

Al msez | that the new quark had charge —1/3 rather than +2/3.

Cross section, nb

9.97 999 100! 10,03 1005

The new quark was called the “b” for “bottom,” reflecting the
practice of writing the quark pairs (u, d) and (c, s) with the
charge —1/3 below the charge 2/3 quark. Thus the sixth quark

A s

[{f%}) 113 » . ' o A L 1 A 1 L 'l 1 A
was called “t” or “top” (before its discovery). 1032 1034 1036 1038 10.40
e - hadrons W= Center of mass energy, GeV

9.95 10.00 10.08 10.10 1015
Vs GeV (|

+

e
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Preparing the Discovery of the W and of the Z

Neutral Currents (exchange of Z boson) discovered in 1973 at CERN (Bubble Chamber Gargamelle)
— search for the W and Z bosons, predicted by the SM.

In the SM

my,+,my = f(sin®6y,)

m-a

mé, =

V2 - sin20y, - Gg

mz = m%/cos*9y,

In 1973 NC were discovered and in 1976 the value of sin?6,, = 0.3 + 0.1

was obtained

37 GelV
mW -

sin@

73 GelV

~ 80 + 25 GeV
cos@

~ 68140 GeV; m, =

Large masses — design of the accelerator and of the detector.

. G2 . M3, ct
m(hc)* s+ MZ.c

- S

For sin%6,, = 0.23 (the value known today)
you get my, = 80 GeV and m, = 91 GeV

% )
occ

Rl/

exp

‘Ic/heory (Sil’l2 9W )

Qinz Oy ~ 0.2—0.3)
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LEP & SPS & SppS and Fermilab: History

Situation in late 70s @CERN:

1.
2.

No need to have a narrow extracted beam !

A proton accelerator was under construction at CERN (SPS) (one proton beam for extraction)
A new ete™ accelerator was under project: the Large Electron-Positron Collider (LEP). This machine was ideal to
measure the properties of W and Z bosons (~10 to 15 years for design + construction + digging 27Km tunnel)

CERN felt it could not wait for the construction of LEP.
In 1976 Carlo Rubbia and colleagues proposed to modify the SPS proton accelerator into a pp collider (SppS).
(A similar proposal also at Fermilab but was rejected)
The SppS was in operation in 1983

To convert the SPS to a pp collider with 540 GeV c.m.s:

1.

2.

the antiproton beam was needed. Invention of the “stochastic cooling” of particles by Simon van der Meer in
1968-1972.

Since the protons and antiprotons are of opposite charge, but of same energy E, they can circulate in the same
magnetic field in opposite directions — only a single vacuum chamber
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Emittance ¢ and the p

The B function, describes the envelope of the single-particle trajectories. xt -« %

x(s) = Ve JB(s) - cos(P(s) + ¢)

» sis the position along the trajectory

* YP(s) and ¢ are the amplitude in position s and ¢ its
initial condition

€ is an invariant and describes the space occupied by

the particle in the transverse two-dimensional phase

space [x, x'].

Two important quantities that describe the beam can be
introduced using the expression above:

Beam size, width: o(s) =€ B(s)
Beam divergence: 0(s) = ./€/B(s)

Product: o(s)-0(s) =¢

This means that emittance cannot be changed once
the optics of the machine is defined: it is a property of
the beam, and cannot be changed.

A narrow beam is divergent, a collimated beam is
more spread

o4
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Stochastic Cooling

Main SppS problem : the production and storage of 3-10'° p each day into a few bunches

PICK-UP ma KICKER

I

IDEAL BEAM
ORBIT

.Momentum distribution

Small angular and momentum dispersion

Gases:
heat ~ disorder
— “cooling” means reduction of disorder in the beam.
— Dump oscillations of particles in a beam to a smaller size

Stochastic cooling = iterative process

» pick-up: measures the deviation of a bunch of particles with
respect to the ‘ideal’ orbit.

* sends a signal to the kicker which applies an electric field to this
same bunch to correct the deviation measured

AA (Antiproton Accumulator)

Momentum cooling in ICE of 5x107 particles.
Momentum distribution after O, 1, 2 and 4 minutes.

The relative momentum spread reduces from 3.5x10 to 5.0x104
35
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From the SPS to the SppS

5, 2 PR, SPS — one beam — extraction
" s - R g SppS — storage ring where two beams circulate for hours.
W Lss s B INJECTION s Lsst
UA1 INJECTION
/ BEAM ABORT
%i LSS &
UA 2 G
RADIO FREQUENCY “
3 4> : samcronnos | 1he following modifications were done on the SPS:
”ng o W “te I _
® « A new beam line to transfer p from the PS to the SPS
P * The injection system in the SPS from 14 GeV/c to 26 GeV/c

The design vacuum of 2:10-" Torr was adequate for the SPS, beam accelerated to 450 GeV and extracted ~soon
The SppS had to keep beams for 15 to 20 hours, the vacuum reduced by 3 orders of magnitude.

The RF system had to undergo modifications for simultaneous accelerations of protons and antiprotons.
(collisions at the centre of the detectors)

Construction of huge experimental areas for experiments (UA1 and UA2).
The beam abort system had to be moved to make place for the experiments.
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Expected Topologies

There are q in p = the production proceeds via valence quarks only:

( _ N
u+d->w*

d+u- W~
u+u- Z

\ d+d-7Z y

(SM expected) decay modes were:
» Leptonic (only decays to e, u were used):
1. W* 51+ v (1=e 1) 0ne lepton + missing energy, un-
balanced event, cross section O 1 nb per leptonic spieces,
Ot~ 4 -107nb
2. Z-1*17(1 = ¢, y, T) two opposite sign, same flavour leptons,
balanced event cross section O 0.1 nb per leptonic spieces,
Otot & 4+ 10%nb
3. Z - vy (1 = e, 1) invisible decay — unmeasurable!
« Hadronic
W - qq’ - hadrons — 2 jets
Z — qq — hadrons - 2 jets

ACOLI

CERN SppS Collider

The SppS brought into collision
270 GeV p and 270 GeV p in 1983

27
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The UAT Experiment
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Z and W give a very small signal compared to a very large background.
muons and neutrinos from the W and Z decays have very high transverse momenta: pr = my,/2 much larger than
that of background muons.

The UA-1 detector: the Central Detector,
' a big drift chamber to

track charged particles

* 0.7 T uniform magnetic in the 0.7 T field of the the instrumented return
field dipole magnet yoke of the dipole magnet
* a high quality drift ] used as hadron calorimeter
chamber InSId_e' the fine grain sampling e.m. . g 5| é
» electromagnetic and calorimeter (the Gondolas) ®\ ﬁ _©
hadronic calorimeters. | readout by wave shifter @\:\ . ‘A :Ti/ //8
« The discrimination bars (BBQ) Nl s large muon chambers
'_ i - [AI/' 5 ..I e / ,4‘/;‘_, |1
between electrons and N IRdES(P = 1/ p
: P AN = 7 s
hadrons with many end cap detectors = » {F— =t l 1 :IL, T !
X, segmented into (the bouchons) 1 IR j ) a =
4% T o,
layers — shape of S [T1T11 ﬂJ %ﬁ , !
7 © 0 0 0 0 O ,,,,/JE
shower forward and very forward e : A ——a
» Muon chambers after ety (up to 1° feom 5 :
calorimeters the beams) -
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The UAT Results: 6 W — ev, Events

a EVENTS WITHOUT JETS EVENTS  WITHOUT JETS
GeV t Ev parallel L GeV W L . T T
" r e 0 . /_
Selection of W~ - e~ + v, R - eSS R S .
Electron
(CUTS-ﬂOW) 140 Idirection Y 'ssing energy J[ ++/ o
Missing energyi(E,) points opposite 7 ,) ~ electron | /7
, i 2 %
A traok with py > 7 GeV/c to theselectron i= energy E, | |/
associated to an em shower ", P
(1106 event(s)) P 0 kG ‘ g
. Isolation: T Other charged . PR — 3
) + b et AN
tracks < 2 GeV/c transverse Nots
momenta (276 events) = . \ I
. Shower vertex in em *E’vem/"‘zﬁev ° " 0 10 20 30 L0 Gev
calorimeters must agree with 8 5l & §
the impact of the track ( 167 lew - ev, Events 3t Kk N % % = 10 GeV
eventS) Transverse electron energy (GeV)

. The energy deposition E, in the hadronic calorimeters in the direction of the extrapolated track must not exceed

600 MeV to select contained electrons (72 events)

. E.nyand pyof the charged track must agree within 3o (39 events).

— 6 events with no jet and missing energy + events with jets and no missing energy
The kinematics of the events indicates my, = 81 + 5 GeV. Number of events if agreement with expected o 39
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The UAT Results: 5 Z— ¢* ¥~ Events

Z decays — e*e  and Z — utu~ were discovered later

« Cross section for Z production is ~ 10 times smaller than that for W’s

» the branching ratios Z — e+e— and Z — p+u— are expected to be only 3% each, while W — evand W — pv
should be 8% each.

However, the signature of two leptons with large invariant mass was very clear, and only a few events were

necessary to establish the existence of the Z with a mass consistent with the theoretical expectation

Results for the decay Z — e+e— obtained by the UA-1 and UA-2 Collaborations are shown below

] T | I {
TWO ELECTROMAGNETIC CLUSTERS
92 Events
(a) -

I T 1 I I

-—
v
|

/—eteand Z — ptu-

/(ICD Background shape

40 60 80 100 — \\%
| []

Invariant Mass of Lepton pair (GeV/c?) 20 40 60 /80 10 ) 120
mass (GeV/cd)

—_
(=4
i

Threshold p*yu~
Threshold e*e”

Events per & GeV/c?

wn
]

r_
¢
4 |

~N
o




UAT Events Displayed

7

EVENT 7433, 1001. 32 " ’ EVENT 7433. 100!. /e‘
5 A /
Vs

< & N b) 7

/ "4 /]

L ///-T‘J

D B e 1

. 4 = Tf 4
59 0 P -
‘¥ _— B.// - /
” 2 ik il /

: )

< YW

T
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Lego Plots of Z— e*Te™ Events from

RUN 7433  EVENT 1001 RUN 7434  EVENT 746 b)

3)

+

E,=28GeV

-
%30
‘o 0
RUN 6059 EVENT 1010 RUN. 7333  EVENT 1279
) + d)
& et e
o] e- E.= E.=50GeV
£ E,= 46GeV p=>0GeV T
ko) k
[0)
O
&)
<
e
.5 k o
o=
% ¥30 30
©
o -
€ Yo, 3o

Figure 12.3. Lego plots for four UA-1 events that were candidates for 70 — ete™. The plots show
the location of energy deposition in ¢, the azimuthal angle, and = — Intan(8/2), the pseudorapid-
ity. The isolated towers of energy indicate the cleanliness of the events (Ref. 12.8).
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UAZ2 Results

The UA1 and the UA2 experiments had many things in common; they were both operating on the same
accelerator and both had the same objective (to discover the W and Z bosons). The main difference was the
detector design; UA1 was a multipurpose detector, while UA2 had a more limited scope. UA2 was optimized for
the detection of electrons from W and Z decays. The emphasis was on a highly granular calorimeter with spherical
projective geometry, which also was well adapted to the detection of hadronic jets. Charged particle tracking was
performed in the central detector, and energy measurements were performed in the calorimeters. Unlike UA1, UA2
had no muon detector.

On 22 January 1983, the UA2 collaboration T (o) UAZ': 2?331 esvil:::ons |
announced the recording of four candidates fora W o

boson decaying to electrons. This brought the f BT |
combined number of candidate events seen by UA1 5 | 39 events |
and UA2 up to 10. ‘Z 0 r (1.3 events background
The quest for the Z boson took longer The R % |
experiments therefore needed to collect several Hm o A 7

times the data collected in the 1982 run. 0 60 70 80 90 100

Mee (GeV)

On 1 June 1 983, the formal announcement of the Figure 12.5. (a) The invariant mass distribution for ete™ pairs identified through electromagnetic

: calorimetry in the UA-1 detector. (Figure supplied by UA-1 Collaboration) (b) The analogous plot
dISCOVGry of the Z boson was made at CERN. for the UA-2 data (Ref. 12.12). In both data sets, the Z appears well-separated from the lower mass

background.
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The Discovery of the Top

| hadronic
b-jet “*9/ W-decay

jet ‘ A &;
g ) - Tevatron!

; Antiproton
—® ™ _,.7‘. P -

leptonic
W-decay

A

jet

é | b-jet
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The Discovery of the top. The Tevatron

The Tevatron:
» proton-antiproton collider

« 1-km radius synchrotron, with superconducting magnets
* beam accelerated from 150 to 980 GeV two interaction points for the CDF and DO detectors.

Fermilab Accelerator Complex
NuMI

Accumulator
Debuncher

MiniBoone

Linac

8 —)ﬁ 50 GeV\\ Swichyard

Main Injector

Recycler

Abort B0 Detector
P and Low Beta

Tevatron

150 — 980 GeV

DO Detector
and Low Beta

~ 25 years

<&
<

Timeline:

« 1976 Initial proposal of a pp collider at Fermilab by transforming
an existing accelerator into a storage ring — accumulation and
cooling of antiprotons.

. ermi/ab decided the construction of the accelerator.
Design goals were: a luminosity of 11 - 103%¢cm™2s~ 1! at /s=1.8
TeV.

« 1981 Tevatron starts as fixed target accelerator

« 1985 Tevatron operates as a pp collider, first collisions,

experiments in construction

. rst ~test run of the Tevatron, 5 pb-1 of data
collected

+ 1992-96 Run la & Run Ib — upgrade of the collider to a
luminosity of 5 - 103tecm™2s~1, 180pb™' collected

* 1995 Discovery of the Top

« 2001-2011 Runll top luminosity 5 - 1032cm™2s ™1
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Introduction: the top Quark

The top quark is

the heaviest known elementary particle
Completes the third family of quarks

its lifetime which is too short to build hadronic bound states.

The large value of the top quark mass

Different periods of data taking at the Tevatron

indicat i YUk i to th Runla | RunIb | Run Il
indicates a strong Yukawa coupling to the
. 9 . . p. g ) Energy (center-of-mass) 1800 1800 1960 | GeV
Higgs, — could provide special insights in
: Protons/bunch 1.2 2.3 2.9 x 10!
our understanding of electroweak symmetry o e N s < o0
breakin g. ntiprotons/bunc . . . X
Together with the W boson mass, it Bunches/beam 0 0 50 .
constrains the Higgs boson mass through Total Antiprotons o ]33 290 |xI0
global electroweak fits. Proton emittance (rms, normalized) 33 3.8 3.0 7 mm-mrad
Antiproton emittance (rms, normalized) 2 2.1 1.5 7 mm-mrad
The top was discovered in 1995 at the B 35 35 28 cm
Tevatron. Luminosity (Typical Peak) 54 16 340 | x10¥ cmZsec™!
Luminosity (Design Goal) 5 10 200 %103 cm~2sec™!

Tyuv
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top Production and Decay

q

Quark-Antiquark Annihilation

Gluon-Gluon Fusion

t-channel

t

Vio

t

One top produced

WOorse

The primary mode, in A, tt—-|WHbW~b - g7 bg"7"b, _(45.7%)
which a t£ pair is B. tt—|{WTbW bisq7 bl Tpb+ €T vpbq" 7" b,(43.8%)
- C. #—-[WTbW bty bt~ vpb. (10.5%)
produced from a gtt Al 2 b-iet
vertex via the strong ways ~JetS
interaction, was used by
the DO and CDF SM: ~100% ¢t > Wb
collaborations to discover W- > hadrons T U e
the top quark in 1995.
One pair of tops produced
o
o 5 B
5 -
5 All Hadronic + >
I _ =+
| s z g
The second production mode of top A s
quarks is the ew production of a single B
top quark from a Wtb vertex.
o H Tau + Jets
» Cross section ~ half that of tt pairs
» signal-to-background ratio is much i Lepton + Jets

W+ >
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.‘1

W+ >

hadrons

u e

SM top decay:
t > Wb (BR = 100%)
W~ > hadrons T U e
—
s g
c O
All Hadronic + -
[ +
@ [
» @
w
Tau + Jets

Lepton + Jets
44%

Dilepton

These events always contain two b quarks

The W decays characterise the topology of the event:
All hadronic — 6 jets (2 b jets) with large QCD background.
Problem is jet-pairing, many possible combinations (W

mass as constraint...)

Lepton + jets — lepton,
neutrino + 4 jets; lepton
and missing energy
suppress QCD
background. 4 jets,
pairing problem even if
less than in the full
hadronic case

Di-lepton — 2 leptons, 2
neutrinos 2 b jets; clean,
little background but
(10% BR) + ambiguities
due to 2 neutrinos

[ Example: Top Lepton+Jets Decay |

high-pr lepton: pt > 20 GeV

neutrino: MET > 30 GeV
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How to Recognise a “b” Jet? — b-1agging

Heavy flavour hadrons (—”b hadrons”) are unstable (life-time ~ 1.5 x
1072 s) and decay after a measurable path (mm’s).

First approach: hadronic decay of the b-hadron —

1. charged tracks do not extrapolate back to the primary vertex
2. A secondary vertex detached from the primary vertex is
present in the event

The topology close to the primary vertex has to be studied — vertex
detector

dp track based indicator distance
of minimum approach to the
primary vertex

[xy distance between the
secondary vertex and the primary
vertex in the xy plane Dis

Second approach: leptonic decay of the b-hadron —
b decay to Iv+X — ~soft lepton close to a jet
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The Experiments: CDF & DO

Half detector shown the
other half is symmetric

EL-740 1.

Already a ~ large modern detector:

barrel part + forward/backward disks

» Silicon strip detector to measure
tracks close to the interaction point
to identify secondary vertices

EL-706 ft. In.

» Superconducting solenoid + tracker
inside

* em and had calorimeters

* muon chambers

26 m long and 10 m high

DO had a similar structure

7 L een
} FORWARD SHOWER
CALORIMETER
] ! \ ORM-.'TER\
TRIGGER COUNTER SHOWER
l ,, / CALOR =
[[} ~ FORWARD . .-/ ﬁ coL i
HADRON CALORMETER 3 LUMINOSITY CENTRAL
MONITOR TRACKING .
proton | o, i } M@goton
> == =R - ~
: - — - ] VERTEX TPE.
_EL T e
i 1 \\ HADRON ! D PLUG SHOWER
| Z
/Q ’ ' Interagtion Point
& ;
“af i % \ ND PLUG MOVED BACK
|.‘1 ' = == FOR ACCESS
EL=710 ft. L Aa RE B
5 'i j O mm.
38 l '
v b e
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The Discovery of the top in CDF

Toni Baroncelli: Introduction to Accelerators

=
= QP
-

L N

e by e <=I CDF during installation

R e
T N | mi

A tt— W+bW_§—> qﬁ'bq”ﬁ”’z_), _(45.7%)
B. tt—-WTbW=b—q7 bt~ 7gb+_£+ vebq" 7" b,(43.8%)
C. #—-WTbW=b— Ty, bl'"vpb. (10.5%)

Always 2 b-jets

|A: all hadronic, B: lepton + jets, C: leptons |

Selections ( optimise S/4/S + B)

A: Lepton + jets B: Di-lepton
IXW - lv(l=e,pun) 2XW - lv (l=e,u)
pk > 20 GeV ph > 20 GeV
> 3 jets (of which 2b) 2 jets (from b-decay)
(1 secondary vertex) EMisS > 25 GeV

OR (1 soft lepton from b-

75 GeV <m < 105 GeV
decay pr> 2 GeV) el
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Top Mass using|Lepton + Jets|(2 methods)

Direct my,, reconstruction in the I+jet channel: take the hadronic side (‘jet side’) and compute

* My = invariant mass of jet, and jetgr 1

: « JES = Jet Energy Scale: scale factor which multiplies the jet energy. You look for the JES which gives the Dest
reconstruction of my,

Miop = invariant mass of reconstructed hadronically decaying W + jetp

: Template method: USE SIMULATED EVENTS! — generate

fxample; Top Lepton+Jets__[_)ga_<_:.a% : = Many samples of tt events with my,, varying in small steps 2
)i+ Take one observable with memory of m,,, and compare with data :

Q‘ [ ] top :

: » Best agreement — my, :

: 3 - ATLAS Mg, L I ==T T

. (O] - Simulation —167.5 GeV | Q] ; EZ] Uncertainty — Cprrect match 4 =

n Te] L | o C [ Wrong / no match [ ] S|r.\gle top O =

. - i —172.5 GeV |~ s5ppf- [ NP/fake leptons Ztjets i

- @ —177.5 GeV 8 E WWW2/2Z 1

: 5 T 18 a0k ATLAS EN

T3 L T ; Vs=8 TeV,20.2fb" - &

: B0 ) 300 =N

[ ] l’ B B - i L]

=g T ] 200/ ENH

1 S i : c =

L) P r — 100j - :

- 8 r - E O o=

. i 8 f L : 0l e 8Y E

mE° = invariant mass of 55 12 EIS 2 ! J =
. T o0sf E R .

lepton + jet,, 3 o B e s ¥ L e e B

5 reco & 40 60 80 100 120 140 160 40 60 80 100 120 140 160 -
(vinon included - my—" < Myyy) » M= [GeV] e (Gev]



Discovery of the top at CDF & DO
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Year Number Selected Events (CDF+DO0) top mass (GeV)
A: Lepton + jets B: Di-lepton 174 + 10113
1994 86 (background:37) 12 (background:2.5)
(evidence) 9 ' 9 o
1995 signal incompatible with background: CDF: 174 +8 + 10
(discovery) CDF 4.96 DO 4.66 DO: 199 + 22*13
CDF DO
6 i o 6
. 5 p s @
- 4 F_ IwTopnh?lass‘?ch,{? 8 4
E ° l | l &
g g 3r ;---—-: ‘\9 2 =
l-l>l 5 &; 2 :. - el T -
E mol'/ I DL A B
doog1H 100 200 100 200
N R e R Fitted Mass (GeV/c?)
Reconstructed Mass (GeV/c®) oo R:coms]?:ml;:, Mazcs(s, ((;cVIcz;;o wo b 3
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The Evolution of m, from Tevatron to LHC

ATLAS+CMS Preliminary My SUMmary, Vs = 7-13 TeV March 2022
LHCtopWG
"""" World comb. (Mar 2014) [2]
Y stat total stat
total uncertainty M, * total (stat + syst) s Ref.
LHC comb. (Sep 2013) LHctopwG 173.29 + 0.95 (0.35 + 0.88) 7TeV [1]
World comb. (Mar 2014) 173.34 + 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172.33 £ 1.27 (0.75 £ 1.02) 7TeV [3]
ATLAS, dilepton 173.79 £ 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets 1751+ 1.8 (1.4 £1.2) 7 TeV [4]
ATLAS, single top 172.2+£21 (0.7 £ 2.0) 8 TeV [5]
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72 £ 1.15 (0.55 + 1.01) 8 TeV [7)
ATLAS, l+jets 172.08 + 0.91 (0.39 + 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25 + 0.41) 7+8 TeV [8]
ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9]
CMS, l+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV [10]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11]
CMS, all jets 173.49 + 1.41 (0.69 + 1.23) 7 Tev [12]
CMS, l+jets 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton 172.82 + 1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8 TeV [14]
CMS comb. (Sep 2015) 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13]
CMS, l+jets 172.25 + 0.63 (0.08 £ 0.62) 13 TeV [15]
CMS, dilepton 172.33 £ 0.70 (0.14 + 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20 £ 0.70) 13 TeV [17]
CMS, single top 172.13 + 0.77 (0.32 £ 0.70) 13 TeV [18]
CMS, boosted jet mass 172.6 £+ 2.5 (0.4 £ 2.4) 13 TeV [19]
[1] ATLAS-CONF-2013-102 [8] EPJC 79 (2019) 290 [15) EPJC 78 (2018) 891
(2] arXiv:1403.4427 [9] ATLAS-CONF-2019-046 [16] EPJC 79 (2019) 368
* Preliminary {0 Eric 75 (2013 18 {11 Epac 72 (0t 2202 e e
(5] ATLAS-CONF-2014-055 [12] EPJC 74 (2014) 2758 [19] PRL 124 (2020) 202001
1 ohep 00 2019 118 fialenic 77 corhy oot
[ | I I | | [ 1 | I I I | | I I | | L1 1
165 170 175 180 185

Mop [GeV]

Important improvements with time (and going to LHC):
* m; =174.30+ 0.35+ 0.54 (CDF + D0)
« ->m;=173.34+0.36 £ 0.67 (CDF + DO + LHC)

10°

10?

Gy [Pb]

10

* b om0 4 % o

ATLAS
cMs
ATLAS & CMS
LHCb
CDFys=18TeV
DOYs=1.8TeV

CDF & DOys=1.96TeV

. NNLO+NNLL (pp)

- NNLO+NNLL (pP)

6

8
V5 [TeV]

The o was measured from ~2 TeV to 13 TeV and
found to be in agreement with SM predictions 54



