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Introduction e

Nobel Prizes
1979 - Sheldon L.Glashow, Abdus Salam i Steven Weinberg
model of electro-weak interactions, predicting W* and Z°
1984 - Carlo Rubia and Simon Van der Meer
W= and Z° discovery at CERN SPS
1999 - Gerardus 'T Hooft and Martinus J.G.Veltman
renormalization of the Standard Model
2004 - David J. Gross, H. David Politzer and Frank Wilczek
model of strong interactions
2008 - Yoichiro Nambu, Makoto Kobayashi and Toshihide Maskawa
mechanism of the sponteus symmetry breaking
description of quark mixing, predicting 3rd quark generation
2013 - Franois Englert, Peter Higgs
for the mechanism explaining the origin of particle masses
confirmed recently by the ATLAS and CMS experiments

Standard Model: electro-weak int. + quantum chromodynamics (QCD)
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W=* and Z° bosons ,

Weinberg-Salam model (1968)

New model of the weak interactions  “Weakness” is not due to the small
Interaction can be described by the  coupling but results from the large
exchange of the very massive boson: boson mass:

W= or Z°. 5
g
: GF ~ —5
Muon decay: m?,
’/Vr” Assuming coupling g same as for the

EM interactions Weinberg i Salam
predicted masses of W= and Z°:

my ~ 80 GeV
mz ~ 90 GeV

Neutrino interactions with Z9 (neutral currents) exchange - 1973

May 12, 2015 4 /42
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W=* and Z° bosons

Discovery  SPS accelerator at CERN

In pp interactions, gg annihilating in UAL results (1983):
virtual photon can result in lepton-pair
production (eTe , ptp—, 7777).
Drela-Yana process:

— T T T T

TWO ELECTROMAGNETIC CLUSTERS
39 EVENTS

Jjet-jet
background

EVENTS per 4 GeV/c?

20 40 60 B0 100
MASS  (GeV/c?)

If the invariant mass of annihilating quarks is large,
also virtual Z° can be exchanged.

Z° contribution = maximum in the lepton invariant mass distribution
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Z° event in UAL detector (1983)
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W=* and Z° bosons :

Discovery

In pp interactions, g’ annihilation can also result  UA1 results (1983):
in production of the W* boson:

d + + W—sev
ud — WT — e 1,
Enhanced transverse
s
86 EVENTS

Decay with neutrino production
= transverse momentum imbalance

mu=835 GeV/c2

Longitudinal neutrino momentum unknown
= we can not reconstruct W mass directly

EVENTS per & GeV/c?

“Transverse mass’ mr:
reconstructed assuming py =0 = m1 < my

60 80 100 120

W= and Z° bosons were discovered at UA1 and n, GeV/c
UA2 experiments at CERN SPS. s

M.Krawczyk, A.F.Zarnecki Particles and Universe 10 May 12, 2015 7/ 42

/



W~ event in UA1 detector (1983) :

EVENT 23958. 1279.

X 69576
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W= and Z° bosons o

ete” = Z°

High precision tests of the Standard Model
were possible in e"e™ interactions at LEP
and SLC (millions of events).

L3 e'e” — hadrons(y)
Clear maximum in the hadron production
cross section corresponds to the real Z°
production (on mass shell).

Width of the maximum corresponds to the
finite Z° width (Heisenberg's uncertainty
principle)

Preliminary p—

. . . . — SM:\s'/s > 0.10 o,
As the Z° lifetime is extremely short, its I
mass is not fixed - and can vary from event 100 150
y Vs [GeV]

to event. Resonance width [ =~ 2.5 GeV
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W=* and Z° bosons

etem - WHW~

At LEP W# can only be produced in pairs.
Three diagrams contribute:

\ /’\,N* - B 201
- et AT P
N R oz SV
. e \‘QVi e lV’
e,/ o 5 .

30

T ‘1 7/02/20?5
LEP

PRELIMINARY

Sww (pb)

'YFSWW/RacoonWW
_...no ZWW vertex (Gentle)

y _..only v, exchange (Gentle)

Couplings are uniquely given by the 0 e -

structure of the Standard Model Js (GeV)
= strict theoretical prediction

Cancellation of divergences confirmed by LEP experiments
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TO p q uar k Vs gy s

Short history

@ 1964 - Gell-Mann and Zweig, quark model with 3 quarks: u, d, s

@ 1970 - Glashow, lliopoulos and Maiani (GIM) - 2 doublets: v, d, s, ¢

@ 1973 - Kobayashi and Maskawa add 3rd doublet (t and b),

to allow for CP violation

@ 1974 - Ting, Richter: charm discovery (c quark)

@ 1977 - Lederman (Fermilab): b quark discovery
b quark properties (charge, isospin, gauge boson couplings) in agreement
with expectation for “down” member of quark doublet

= "up” partner needed: top

First prediction (rule of “3"):
ms=05GeV m.=15GeV mp=45GeV = m;~15 GeV

First “discovery”: CERN SPS, 1984, m; ~ 40 GeV (revoked)
Searches at LEP and HERA, without success...
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Precise measurements at LEP

Comparison
Many different observables measured with
high precision at LEP.

Measurement Fit  |Ome—_Qft|/gmeas
Q

m, [GeV] 91.1875+0.0021 91.1874

Only three free parameters describing T,(GeV] 24952100023 24959 M
. . o Inb]  41.540£0.037  41.478
Standard Model interactions R 2076740025 20742
. . A 0.01714 +0.00095 0.01645
(+ fermion and Higgs masses). e JTis00ss b
i i Ry 0.21629 + 0.00066 0.21579 =
Possible choice: aem, G, Mz R 0.1721£0.0030  0.1723
. . Ay 0.0992 +0.0016 0.1038
can be fitted to precise data. R 0.070720.0035 00742
Ay 0.923 +0.020 0.935 pmm
A 0.670 +0.027 0.668

All other electroweak measurements should

A(SLD) 0.1513 +£0.0021 0.1481

be then uniquely predicted SIOSF(Q,) 0232400012 0.2314 femem
my, [GeV]  80.385+0.015 80.377 mm
T, [GeV] 2.085 +0.042 2.092 B
X, —X m, [GeV] 173.20 £ 0.90 173.26
Level of agreement: pull = [Xmeas=Xsm| ™

ax March 2012 0o 1 2 3
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Precise m

Corrections

Measurements at LEP turn out to be

very sensitive to “higher order”

corrections.

Opaa [MD]

In particular, sizable corrections are due
to diagrams including exchange of heavy
virtual particles: W= boson, top quark,
Higgs boson or new exotic states...

Precise measurements at LEP and other
experiments allow us to infer about
masses of these heavy states, even if we

do not observe them directly!

M.Krawczyk, A.F.Zarnecki

Particles and Universe 10

40

20

ALEPH
DELPHI

® measurements (error hars
increased by factor 10)

|~ — o from fit
QED corrected

9‘0 n ;2 9I4
E,, [GeV]
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Precise measurements at LEP

Corrections

We can extract masses of heavy
particles from the precision
measurements at lower energies.

It worked very well for W+ =

W-Boson Mass [GeV]

TEVATRON 80.387 £ 0.016
LEP2 80.376 £ 0.033
Average 80.385+0.015
%%/DoF: 0.1 /1
NuTeV A 80.136 + 0.084
LEP1/SLD - 80.362 + 0.032
LEP1/SLD/m, - 80.363 + 0.020
80 80.2 80.4 80.6

m,, [GeV]

Direct measurement in agreement (to 0.03%)
with theoretical predictions based on lower energy measurements.

March 2012
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Top quark ,

Prediction

Based on the LEP1/SLD Final LEP1+4-SLD constraints:
measurements, we expected that

80,5 jerchz012 : |

mass of the top quark should be
about 120-180 GeV.
LEP1 and SLD
240 .
68% CL
200 [ 4 ;
() 1 i
x t}*ﬁm#ﬁ“% i-F §eosay
o}
8 120 ] 2
H £ .
L 80 ] S
40 1 T
ol ‘ ‘ ‘ 80.3 B
1990 1995 2000 2005 2010
Year T
155 175 195
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Top quark i

Tevatron  pp interactions at /s ~ 2 TeV
Top quark pairs produced mainly in quark-antiquark annihilation:

q o t

a1 t

Top decays almost immediately, (no bound state is formed):

We expect to observe a b quark jet plus lepton and neutrino (missing
transverse momentum) or pair of jets with invariant mass of W
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Tevatron
As top is produced in pairs (tt), 3 event topologies are possible:

leptonic semi-leptonic hadronic

Lepton bje FSRisl

“gold sample” but only ~30% of events ~46% of events
~4% of events (e* and ™ only) huge background
(eTe™, utp~ i e*p®) small background difficult identification
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Top quark

Tevatron

One of the first events Number of jets reconstructed in
events with isolated lepton (e™, ;™)

40758_44414
24-September, 1992

+

TWO jets tagged by SVX % r CDF Run Il Preliminary L = 4.3 fb™
fit top mass is 175410 GeWc2 @ 000l sloxs
5 I i)
et, Missing Ey, jet #4 from top -gg- 3 WsigeTop
jets 1,2,3 from top ( 2&3 from W) g 800— + .x::
= [ il Non- W
Tevatron + :
" beam pipe 600— [
I Woosn
400

1Jdet 2 Jets 3 Jets 4 Jets >5 Jets

\ME.Z::W Events with lepton and > 3 jets
= actual discovery in 1995 = mostly tt

Thousands of events collected...
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Top quark

Vs pes®

Tevatron

Distribution of the reconstructed top mass Comparison of results
in one of the considered channels

Mass of the Top Quark
CDF Run Il Preliminary (2.9 fb™") July 2014 (preliminary)
% 60 > 2 tags events [ CDF-Il dilepton * 170804326 (1892260
] t
= D@-Il dilepton 174.0042.80 236+ 1.49)
$ 59 —+— Data
—_—

g - Fitted tt CDF-lalljets * 175074195 1552 1.19)
>
i) : —_—

40 - Fitted Bkg CDF-Il MET+Jets 173.9341.85 (1264 136)

CDF-ll lepton-+jets 172854142 05209

30 x2INdof = 20.2 / 22

——
D@1 lepton-+jets 174.98£0.76 (0412 083)

Prob = 0.569

——
20 Tevatron combination * 174.340.64 (0372052

(Run 1 and Run ) s
AFidof = 10.8/11 (46%)
| | |

165 170 175 180 185
M, (GeV/c?)

10

- CDF + DO:
m= (GeV) my = 174.34 4+ 0.64 GeV

100 150 200 250
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Top quark i

Comparison
Direct measurements compared

. . . . Top-Quark Mass [GeV]
with constraints obtained with

precise measurements at lower CDF 1725+ 1.0
energies. D@ - 1749+ 1.4
Average 173.2+0.9
80.5 iz . %*/DoF:6.1/10
—LEP2 and Tevatron LEP1/SLD 1726 " }gi
-~ LEP1 and SLD ’
68% CL .
LEP1/SLD/m,,/T"y, 179747
160 1%0 150 1é0
m, [GeV] aren 2012
80.31 ] Direct measurement in agreement with
155 175 195 theory predictions based on precise
m, [GeV] measurements at lower energies.
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Top quark

LHC experiments
High precision studies of processes with W=, Z% and top quark production.
All results with perfect agreement with SM predictions. March 2014:

Standard Model Total Production Cross Section Measurements

FolET ) Se—— L
: 35pb ATLAS Preliminary Run1 s=7,8TeV
35pb LHCpp Vs=7TeV LHCpp s=8TeV
10 F mm theory theory E|
. data - data
10° 1
20.3 fb
—C— -
102 £ 11 2”‘_" 4
101 —m—Owe 2031
46" 13.0fb
B = O
10! E 201 4610 203 b4
o
46fb
1 b 4
107 —
w z tt to ww Wt wz Y44

total total total total total total total total
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Top quark

LHC experiments
High precision studies of processes with W=, Z° and top quark
production. All results with perfect agreement with SM predictions.

CMS Preliminary, 18.2 fb", s =8 TeV 10717 (8TeV) + 5167 Te)
> 700F T T T T T T T T T T
> E ] CMS Preliminary
[0) [ . tt correct D Background CMS combination, dilepton A\ 172514022 + 1 14Gev
600 E - September 2014 (value £ stat = syst)
° O M - ,
5 tt other ¢ Data 1
— £ ]
» 500F 3 CMS combination, leptontjsts 17238 £ 0.1 £ 0.70 GeV
@ E ] September 2014 (valle  stat = syst)
o E CMS mfit E
o 400f A . E
> L (kinematic fit + cuts) ] CMS combination, all-nadronic ~® 172,40 +0.26 = 0.79 GeV
L 300k B September 2014 (value + stat = syst)
£ ] —0—
= — CcMs binati 172.38 + 0.10 + 0.65 GeV
200¢ ] Septembr 2014 (v st 2ayst)
100F = -
L ] Tevatron combination 174.34 + 0.37 + 0.52 GeV
O o ] July 2014 arXiv:1407.2682 (value  stat + syst)
s 1.5
~ 4 H‘ * +L ‘%+* +H+ +* World combination March 2014 173.34 +0.27 + 0.71 GeV
S | ‘, ot ﬁ* H ++ + ATLAS, CDF, CMS, DO (value = stat = syst)
T ++
|
A 05 A T T IS T N W MR
100 200 300 400 165 170 175 180

mit [GeV] m, [GeV]
Number of t produced at LHC is already much higher than at Tevatron...
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Precise measurements at LEP

Corrections

July 2010
T T

— LEP2 and Tevatron (prel.)
80.5 -~ LEP1 and SLD

68% CL

We can extract masses of heavy
particles from the precision
measurements at lower energies.

, >

For W* and t direct [
- S 80.4-

measurements in perfect
agreement with expectation E;
= we can make another step and 803{ 4
try to estimate mass of the yet
unobserved particle - Higgs 150

m, [GeV]
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Precise measurements at LEP e

Higgs mass

Analysis of all available data
indicated, that the Higgs mass wae 2010 g = 158GV

6 y
should be about 100 — 200 GeV ] o
5 R had=+ B
2010 fit result: R e
4 4 «e- incl. low Q? data -
mp = 89132 GeV o
x 3 —
< 4
or: mp <158 GeV (95% CL) 5] ]
Limit from direct search: 1; ]
mp >114.4 GeV (95% CL) o [Exciuded N 7 preiminary
30 100 300
all LEP data: m,, [GeV]

ALEPH + DELPHI + L3 + OPAL
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Higgs at LHC

Higgsa boson is a key element of the Standard Model, with very special
properties. Search for the Higgs boson and measurement of its properties
were the main goals of LHC experiments.

Higgs boson decays primarily

ba"; LHC Vs=14TeV L=10%cm?s™ rate eviyear . i
. _— U to the heaviest available states:
N N E for mass my, <135 GeV decay
" R to bb dominates.
max LV1 output .
ub 210
" R However, there is a huge
AN N R oaee El .
il S background of other pp
] w2 g .. . - .
i 1 collisions with bb production.
» Houn byt SspreAmHz 4 ::‘
(. We need to look for decay
b . 4 102 K
s e Nz N e channels with less
50 100 200 500 1000 2000 5000 -
particle mass (GeV) baCkgrOU n d v
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Higgs at LHC

For small Higgs masses the best
channel is

H = vy

Background is high, but we should
see a clear Higgs peak

8000~

cms, 109 pb-1!

6000 - -
Higgs signal

4000 -

2000/-

Events / 500 MeV for 105 pb-1

0.0 105

! ! !
80 100 120 140
My, (GeV)

M.Krawczyk, A.F.Zarnecki Particles and Universe 10

computer simulation results

For large masses we should look for:
H — z°Z° = IT17 1t

as the charged leptons (e™ i ;™) are
very easy to identify.
But the events are rare...

H—ZZ*— 44°

40 60 80
T T T

Events / 2 GeV

20
T

120 140 160 180

Myg* (GeV)

May 12, 2015 28 / 42



Higgs at LHC

Run Number: 191426, Event Number: 86694500
Date: 2011-10-22 15:30:29 UTC

‘ : : B \
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CMS Experiment at the LHC, CERN

QRS

R0 | IR B S s

ERTI et

Qe RIRTS FATARENNAT
. N y
H— 7°Z° —sete ete

\
.
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Higgs at LHC

In December 2011, ATLAS and CMS experiments presented first results of
the Higgs boson search, based on the data sample collected in 2010-2011.
Event statistics still very low

H —
i800,”'4\.’_1‘"4‘5\#"]‘_””“”“HHHH: _
reliminary 1 o r o
Y Data | 1200 [ CMS preliminary —4— Data
e + ] § [Vs=7TeVL=4761" Dot
N £ _ ] [ t e
% 600; .MC m=130 Gel, 1XSM7: G1000 [ All Categories Combined :;fscM m=120 Ge|
> [ ] B E
- Total back d (Fit) | -
w 500E |:| lotal background (Fit) ] ; 8007
400 A € L
£ ] 9] r
£ ] > 600
300 E W
200 J 400~
£ 4 Bl r
100;,Data2011,\]§=7TeV,det=4.9 fo ,; 200?
EninininLnintnin (Lt L L ing L AL
- | P IR RS
foo =0T a0 Mo 150 160 Pl
my, (GeV] m,, (GeV/c?)
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Higgs at LHC

In December 2011, ATLAS and CMS experiments presented first results of
the Higgs boson search, based on the data sample collected in 2010-2011.
Event statistics still very low

H — Z°Z° =1t It~

a CMS Preliminary 2011 Ne=7Tev L=4711"
> T ka3 54“"\"“\“"I"“\'DAT'A\"”F
o 12- 7] E - 3
¢ T Da1a2011,\]§=7TeV,_|.LdI=4.8fb1i 34 e ]
n . 4 . zZZ B
~ L | 4 4 . -
3 [0 —+Dae ATLAS | Preliminary | 94 o 20 aovie |
5 [ [m-1a0Gev, u ] £°%% = o E
> L — (5] 3k 2 -
i > 3 = 1

[ Total background 1 =] E
:D g‘ ] w 25 § E
6F Hozz"4 N S 3 E
L - E
o 0.5/ 1
i ] of
yI T L S SV PO ALY IR
fo 720 "0 760 780 200 220 240 ; ; : ; ‘ ‘ ;
m, [GeV] 100 110 120 130 140 150 160
y M, [GeVi/c?]
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Precise measurements at LEP -

Higgs mass

Analysis of all available data from
LEP, Tevatron and the first data
from LHC (!).
In spring 2012 only a small gap ~
remained were the Higgs mass could <
be in agreement with the Standard
Model predictions:
114.7GeV < my < 127GeV 0

If this “window” is closed,

e spring 2012

m, =152 GeV
Ao'(h?d =
. % —0.02750+0.00033
%% - 0.02749+0.00010
- incl. low Q? data
{LEP %, LHC
excluded 3o A excluded
T T iy
40 100 200
m, [GeV]

it would mean that the Standard Model is excluded!
But the measurement most difficult for mass of about 120 GeV...
Intermediate mass region, between “light” and “heavy” Higgs

M.Krawczyk, A.F.Zarnecki
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Higgs at LHC

Results of ATLAS and CMS, after including data collected in 2012.

Fivefold increase in event sample! Signal clearly visible
H — vy
> o= T = CMS {s=7TeV,L=51fb"{s=8TeV,L=53f"
(0] I ATLAS 1 > [CrprrrrrrT
S » o Da20i120n2 . 3 F 2 ' '
~ S SM Higgs boson m <1268 GeV (i) ] o L 1] Unweighted
‘E C Bkg (4th order polynomial) ] Lo} L 01500
9 a0 — 1500
it g Homy ] @ i
4000— — C
[ ] S t
L fs:ﬂeijm:A.sm" ] L|>J r
- : = 1000 .

F E:BTerLd(:ZO.Hh 1 E i m,, (GeV)
[ I = + + + + + - S [
5 w0 E % n
o 300E- E Data
S wmE + E < 500?— S+B Fit
NS + + + = —~ [ e B Fit Component

4 iy @ [

g oay 17T AR & [Em=e 1
g e . . e > ol 1]
w 1 110 120 130 140 ‘me[GeV] w 110 120 130 140 150

m,, (GeV)
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Higgs at LHC

Results of ATLAS and CMS, after including data collected in 2012.
Fivefold increase in event sample! Signal clearly visible

H — Z°Z° = It~ I"I~

cMS 5=7TeV,L=51fb";Vs=8TeV,L =197 "

> r > LR T R A N B A B R
8 407, . Data.2011+2012 ATLAS () 357 * Data -
o [ [SM Higgs Boson HosZZ* 54l U] [ E
g I - i C ]
£ gsp  MeSCeVi g T Tev [Lat-a6 b o T B zx ]
¢ “°F []Background Z, zZ {5=8TeV |Ldt=207 6" ~ 30 . 1
W [ Background Zsjets, ff : a F DZy,ZZ 1
30F 77 systune S 25: 9
ok R [ Jm,=126 Gev ]

E 20 ]
20f- [ 1
151 15; E
10 10F ]
5[ 5L l p

0 ! 1 ‘ 5

120 140 160 18l
my, (GeV)

@
o
=
o
o

250
m, [GeV]
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Higgs at LHC

Results of ATLAS and CMS, after including data collected in 2012.

Two considered “discovery channels” also give the most precise mass

determination for new particle.

Results based on the full 2009-2012 LHC data sample (Run I):

My = 125.09 £0.24 GeV
L e L o s e e o A e B e e e
ATLAS and CMS preliminary — Total — Stat. — Syst.
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy H—+—e—+H  12602+051(+043+027)GeV
CcMS H—yy ] 124.70 £0.34 (+0.310.15) GeV
ATLAS H—ZZ Sl et 124.51+ 0.52 (+0.52 +0.04) GeV
CMS H—ZZ il b1 125.59 + 0.45 (+0.42 +0.17) GeV
ATLAS+CMS 7y B 125.07 £0.29 ( +0.25 + 0.14) GeV
ATLAS+CMS il H———t—1 125.16 £ 0.40 ( +0.37 + 0.15) GeV
ATLAS+CMS yy+illl T-eil 125.09 +0.24 (+0.21+0.11) GeV

Ce o b e e e e e e L e Lo e Lo 1y
123 124 125 126 127 128 129

m,, [GeV]
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Higgs at LHC

Large sample of collected events allowed searching for other decay channels

Number of events for all identified decays in good agreement with SM

ATLAS Preliminary| 755, Total uncertainty 197 1" (8 TeV) + 5.1 f' (7 TeV)
my=126.36 GeV | heoy | + 1o onu GeV
i = ‘ Cambined CMS m, =125 Ge
1.17+028 n=100+0.14 0.96
w= -
! 026 i p., =0
o H— vy tagged -
— 146040 |
- L . p=1.12+024 r
H — ww* : $ g
n=r1.18102¢
! 021 i
o | | Mo e ——
n=0637% j ‘ n=1.00+0.
H -
= 144" jf : H— WW tagged
nliaai ¥ i | =083+ 0.21 -
H — uu
s | I , H — tttagged |
i ol 1=0.91£0.28 -
b= BT il |
Combined : H— bb tagged
w= 1180 : $ | §=080%0.44 —
- i ! I R
_ . . 0 0.5 1 1.5 2
V$=7TeV, 4547 1 0 _ 1 2 3 Best fit G/O-SM
s=8TeV, 203" Signal strength (1)

Only 2/3 of measurements expected to agree with predictions within £1o
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Higgs at LHC

Higgs couplings

Key prediction of the model can now OV Prfminay f5-7Tow L<5.11" -8 Tou L< 961"
be. verified: . 3 | [meswct 1
Higgs boson coupling should be D 4 |—9s%mcL t
proportional to the particle mass 5 WZ,,i’ 1
< I /”( 1

Errors are still very large! pels ' |
g b ]

Much higher precision possible after - 1
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Higgs at LHC

Standard Model
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SM tests

LHC experiments
High precision studies of processes with W=, Z% and H boson, and top
quark production. Perfect agreement with SM predictions. March 2015:
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SM tests

Vacuum stability
Unfortunately, Higgs boson seems to be a little bit too light (or top quark
too heavy) for the Standard Model to be consistent up to Planck scale...
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Tests of the SM .

Summary
A new era in particle physics started in 2012.

ATLAS and CMS experiment discovered new particle, with properties
consistent with that of the Higgs boson (50 year after its prediction)

Great success of the Standard Model!

and thousands of researchers, engineers, technicians and students involved
for over 20 years in preparations of the LHC experiments.

All LHC results in good agreement with SM so far!

But we also face new challenges now:

@ we need to precisely measure properties of the new particle

@ we have to keep looking for other new objects
eg. “dark matter” particles

We do believe there is “something” beyond the Standard Model.
Higgs is just the begining...
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