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Fundamental Particles and Forces

 Matter

* is made out of fermions

* Forces
« are mediated by bosons

* Higgs boson

* breaks the electroweak symmetry and gives
mass to fermions and weak gauge bosons




The Standard Model Lagrangian

1

——F% PV 4 joh Dab
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... and beyond?

gauge sector \/

flavour sector

EWSB sector

AN

v mass sector

[W. J. Stirling]

supersymmetry (many variants)
extra spacetime dimensions
compositeness

strong electroweak symmetry
breaking

something new?!
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Lepton vs Hadron Colliders

 Disadvantages of hadrons: » Advantage of hadrons:

* Hadrons are complex objects . Can access higher enerdies
- High multiplicity of other stuff 9 9

« Energy and type of colliding parton
(quark, gluon) unknown

. Kmematlcs of events not fully
constrained

Lepton Collider Hadron collider
(collision of two point-like particles) (collision of ~50 point—like particles)
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ete- Colliders

* Circular colliders:
* Reuse their power on each turn

« Synchrotron radiation reduces
energy of particles ~1/m#

e Linear colliders:

* Particle sees each accelerator
component just once

* No synchrotron radiation

. _4me? [ EN\*
Energy loss per turn:  -AE = —— (mcz)
AFE(e my\
Energy loss: € vs p AEEp% = (#’) ~ 10"

10TV

1TV

100 GV

10 GV

constituent centarof-m ass en ergy
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Luminosity

 Single most important quantity

 Drives our ability to detect new processes
revolving frequency: f, ,=11245.5/s

frev Nyunch sz #bunches: n,,=2808
L= #protons / bunch: N = 1.15 x 101
4, O, Oy Area of beams: 470,0,~40 pm

» Rate of physics processes per unit time directly related:

NObS: _[Ldt € 0O )
Cross section G:
- Given by Nature
EfflC}eng}l’)I (calc. by theorists)
optimized by /
experimentalist

Ability to measure relies on N_, . to be large enough
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Integrated Luminosity: LHC

CMS Integrated Luminosity Delivered, pp

Total Integrated Luminosity (b ')

100

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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12010, 7 TeV, 45.0 pb '
2011, 7 TeV, 6.1 b !
2012, 8 TeV, 23.3 b !
2015, 13 TeV, 4.2 b !
2016, 13 TeV, 41.0 b !
2017, 13 TeV, 49.8 b !
2018, 13 TeV, 68.2 b !
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« Performance improving year by year
* Run 2: ~140 fb-1 available for physics analyses

Month in Year
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11



SuperKEKB and Belle-ll

* Belle-ll is successor of Belle experiment
at KEK laboratory in Tsukuba, Japan

e 800 collaborators from 26 countries

 Accelerator SuperKEKB

. e+e- collisions at Vs=10.57 GeV
“Factory” for B-hadron production
» Highest luminosity lepton collider ever
First collisions in 2018
* Physics run: 03/2019 until ~2027
« Goal: collect L=50 ab-’

SuperKEKB is the intensity frontier

10% 40x higher instantaneous luminosity than KEKB *
peak luminosity ]
@{ trends at e* e~ colliders
1=~ :
KEKB
o 1034_
b [pepur]
|
g 1033_
= DADNE 9. o
g
(= 1032_ »
. 2 ]
51 SPEAR
107 =3 LEP |
DORIS PETRA
10% ol I | T
1970 1980 1990 2000 2010 2020

year

K, and muon detector:
Resistive Plate Counter (barrel outer layers)
rScmtlIIator WLSF + MPPC (end- caps inner 2 barrel layers)

EM Calorimeter:
CslI(Tl), waveform sam
(opt.) Pure Csl for end c
= |cle Ident:ﬁcatlon
— of-Propagation counter (barrel)

electron (7GeV) snig Aerogel RICH (fwd)

Beryllium beam pipe ' ""'
2cm diameter

Vertex Detector
2 layers DEPFET + 4

positron (4GeV)

per
He(50%):C.He(50%), SmaII cells, Iong
lever arm, fast electronics
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Future Colliders

. Collider | Type NG P %]  N(Det.) List A Time
e Several e+e- colliders e /et] [10%] em 25! | [ab~'] [years]
- : HL-LHC | pp  14TeV ] 2 5 6.0 12
e Linear Colliders ILC, CLIC HELHC | pp 27TV : : = T
* Circular colliders: FCC-ee, CEPCXCChh | pp  100TeV - 2 30 300 25
FCC-ce | ee M, 0/0 2 1007200 150 4
« Hadron Colliders o o : z .
e« HL-LHC 2z 0/0 2 0.8/1.4 1.5 ( +51)
e HE-LHC ILC ee 250 GeV +£80/+30 1 1.35/2.7 2.0 115
350 GeV  4+80/+30 | 1.6 0.2 1
e FCC-hh 500 GeV  £80/4£30 1 1.8/3.6 4.0 8.5
. (+1)
*ep Colliders CEPC | ee My, 0/0 2 17/32 16 2
My 0/0 2 10 2.6 1
e LHeC 240GeV  0/0 2 3 5.6 7
CLIC ce  380GeV  £30/0 1 1.5 1.0 8
* FCC-eh 1.5TeV  +80/0 1 3.7 25 7
30TeV  +80/0 1 6.0 5.0 8
(+4)
LHeC ep  13TeV . 0.8 1.0 15
HE-LHeC | ep 2.6 TeV . 1.5 2.0 20
FCCeh | ep 3.5TeV : 15 2.0 25
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CLIC and FCC (proposed at CERN)

TTAT #7777 ) ,] “a ]
Compact Linear Collider (CLIC) f', J

- B 380 GeV - 11.4 km (CLIC380)

’v P 1.5 TeV - 29.0 km (CLIC1500)
2 L 3.0TeV-50.1 km (CLIC3000)

- 4

4
7
P
4

’
1
L
1

Schematic of an
80 - 100 km
long tunnel

Geneva




C. Biscari, L. Rivkin

ee Colliders

Ours is a very dynamic field!
(Luminosity upgrades for ILC, CLIC)

Luminosity per facility

1000 —
w100 |
'c 5 All considered to be mature
o i °
N - —Can start construction
5 10 within 5-10 years
L x PsynradE 15



Future Colliders

TO
0.5/ab
ILC 250 GeV 250 GeV
5.6/ab 16/ab
CEPC 240 GeV
et+e-
1.0/ab
CLic 380 GeV
FCC 150/ab 10/ab 5/ab
ee, M, ee, 2My, | ee, 240 GeV
- LHeC
HE-
o
FCC
eh/hh
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Schedules: by calendar year

lllﬁllllﬂllllllllllllll
ILC ] 250 GeV ] 500 GeV & 350 GeV ]
Fccee [ z W 240Gev | 3s036s5Gev [
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The Experimental Challenge
g

Supersymmetry g

/\\\/
|
|

’/U e
A

q

* Measured hits in detector

« => use hits to reconstruct particle paths and energies
« => estimate background processes

« => understand the underlying physics

18



Particle Identification

Detector designed to separate electrons, photons, muons, neutral and
charged hadrons

Bearn Fipe
(center)

B Tracking
Charnber

B Magnet Coil

B E-M

Calorimeter

Hadron
Calorimeter

B Magnetized

[ron

Muon
= Chambers

19



CALORIMETERS
ECAL HCAL

76k scintillating Plastic scintillator/brass
PbWO4 crysta sandwich

ATLAS and CMS Detectors
/

IRON YOKE

MUON

ENDCAPS
Cathode Strip
Chambers (CSC)
Resistive Plate
Chambers (RPC)

s TRACKER'

Pixels
Silicon Microstrips i
210 m?2 of silicon sensors ; &N l

9.6M channels ‘l\ S v
§ eight: 12,500 T

gl t Diameter: 15.0 m

Length | Height (m)
(m)
ATLAS 7,000 42 22

CMS 12,500 21 15

Superconducting Coil, ”

4 Tesla MUON BARREL

Drift Tube Resistive Plate
Chambers (DT) Chambers (RPC)

20



Hadron-Hadron
Collisions



Calculating a Cross Section

 Cross section is convolution of pdf's and Matrix Element

Phygcal CIOSS Parton distribution function o
section Renormalization scale ug

\ e

o( Py, P ) = Z /([.l'l dxo _fg(.z‘l.;zp )_{'j(.z'g./lp] gij(p1,p2,as(pir), QQ. IR JLF ).
tJ K

Short distance cross
section. calculated as

Factorization scale u
a perturbation series

P, f[-{ = Calculations are done in
ilxy)) .
N perturbative QCD
/ Possible due to factorization of
5 (as) hard ME and pdf's
Can be treated independently
; /_/—\ Strong coupling (o) is large
=={f;(x)) Higher orders needed

N
22 A Calculations complicated



The Proton Composition

* [t's complicated:

» Valence quarks, Gluons, Sea
quarks

« Exact mixture depends on:
« Q% ~(M4+p;?)
 Bjorken-x:

« fraction or proton momentum
carried by parton

* Energy of parton collision:

23



Particle production and PDFs

pdf’s measured in deep-inelastic scattering

Mx =\/x1 - 29 -5 p= == 2

Q°=10000 GeV?

S
X = 1.8
S 1.6 — up
£ 124 — down
s gluon/10
= 1.2 — bottom
: _ g
= Examples for particle production: § !
Higgs: M=125 GeV/c? S 0.8
= LHC: <x,>=125/13000~0.01 i 0.6
Gluino: M~2000 GeV/c? 0.4
= LHC: <x,>=4000/13000=0.3 0.2
04 -3 2 -1
10 10 10 10

Steep rise of partons at low x => production rates strongly decrease with M

24



Physics Processes at the LHC

o (nb)

10° g

10°
10’
10°
10°
10°
10°
10°
10'
10°
10"
107
10°
10
10°

10°

107 L

proton - (anti)proton cross sections

Otot

Tevétron LHC

..5109

4 10°

Origqe(M,=120 GeV)
200 GeV
wizro 500GeV /)
0.1 1 10

Vs (TeV)

events / sec for L = 10** cm™s”

process

any interactions

Bottom quarks

W bosons

Top quarks
Higgs (M=125 GeV)
H->yy (M=125 GeV)

Rate at L

peak
(Hz)

10°
106

103

0.1
2x104

Events | Event rate [

Beam crossings
Level-1 triggered
Recorded to disk

4 x 107
10°
103
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Kinematic Constraints and Variables

* Transverse momentum, p-
» Particles that escape detection (6<3°) have p=0 %pT
0

» Visible transverse momentum conserved }; p;=0 > =
* Very useful variable!

* Longitudinal momentum and energy, p, and E
* Particles that escape detection have large p,

* Visible p, Iis not conserved
* Not a useful variable

* Polar angle 0
 Polar angle 0 is not Lorentz invariant
« Rapidity: y

* Pseudorapidity: n - For M=0 p
V= 5 In E_ D, y=1n=-— l]l(tall ;)

26



What is a Cross Section?

* Differential cross section: do/dQ:

* Probability of a scattered particle in a given quantum state

per solid angle dQ
» E.g. Rutherford scattering experiment

* Other differential cross sections: do/dE+(jet)

* Probability of a jet with given E
* Integrated cross section

« Integral: o =|do/dQ dO

Measurement: ‘G=(N -Ny,o)/ (SL)‘

obs

27



Inelastic pp Cross Section

- Basic quantity of QCD

* Important for understanding of cosmic rays
— Probes energy range near the knee

* Important for understanding of pileup at LHC

R. Engel

Scaled flux E*° J(E) (m?s™sr!eV'®)

—

o
-
©o

10'8

Equivalent c.m. energy \Fspp (GeV)

10" =

10"

10'°

10™

102 10° 10* 10° 10°
Elllllf IT T IIIIIII 1 T III*III T T T IIIIIII T T IIIIIII
- RHIC (p-p) Tevatron (p-p) 7 TeV 14 TeV
L HERA(y-p) LHC (p-p) v HiRes-MIA
= A HiRes |
C K A HiRes Il
R nee e Auger 2009
S e
= ¥ Ankle
E & amc e KASCADE (QGSJET 01) "“‘QﬁA .ﬁ T
L & PROTON m  KASCADE (SIBYLL 2.1)
L ¢ RUNJOB *  KASCADE-Grande 2009 %
= % Tibet ASg (SIBYLL 2.1)
013 1 llIlIIIl 1 IIIIIII | IIlIlIII | lIIIlII 1 llIlIIll | 1| lIl[ || IlIlIII | llIIII %‘ ‘lllllll
10" 10" 10" 10 10" 10" 10" 10% 107"
Energy  (eV/particle)
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LHC: Inelastic pp Cross Section

* Inelastic interactions: pp-> X 2 o[ * ATLAS(MBTS) —Pytias 12
- = ATLAS (ALFA) --- EPOS LHC 3
£ v TOTEM --- QGSJET-II g
} x © 90 , ALcE gl
o LHCb
80 o Auger
20 e pp (non-LHC)
Double Dissociation © pﬁ

Single Dissociation

IIIII IIIIIIIIIIIIIIIIIIlIIIIlIIIIlIIIIIIIII

—IIII|IlIllIIIIIllllllllllllllllllllll

ATLAS

7000 8000 9000 10000 11000 12000 13000

| 1 ] | N T I | l ] Il | T | I ] L1l
2 3 4

10 10 10

Central Diffraction Non-diffractive Dissociation

« Cannot be determined theoretically with good precision
* Not calculable using perturbation theory

* In every LHC event there are ~35 such event on average (pile-up)

29



Pile-up

Recorded Luminosity [pb "7/0.1]

500

400

300

200

100

OO

10

IIIIIIIII|IIII|IIII|IIII|IIII|IIII|III

ATLAS Online, 13 TeV

j Ldt=148.5 fb !

2015: <u>=13.4
2016: <u> = 25.1
2017: <u> = 37.8
2018: <u> = 37.0
Total: <u> = 34.2

BOBEE

20 30 40 50 60 70
Mean Number of Interactions per Crossing

80

UONEIGIED 810Z [BHU]
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Jet Cross Sections

A | AL RALL ] LLELRRRLL) | LR ALL | UL ELLLL | T rrrony T T T7IIT,

"'> YT ] ] .
8 108 £ actes ana cus | < Inclusive jets: processes qq, qg, g9
N‘ : [ Actlas and cMs rapidicty plateau Wb
o 10 -,-;_ E=@ DO Central+Fwd. Jets partonic subprocesses for
[T S Y. central inclusive jet cross section
10° E. Em
 [OID zx=vus
|
(Fii 1)
=3

fractional contribution

10 -

! b 200 400 600
10 % “_wé‘v — ! p; (GeV)
afl g7

a .....nnﬂ""'"lml I\ | = Highest E; probes shortest distances

m"E o e ] : - Tevatron: r.<10-18 m

10" ot 10"~ w? 107 102 10" x] . LHC rq<10-19 m (’))

= Could e.g. reveal substructure of quarks
|

Tests perturbative QCD at highest energies i



Jet Cross Section History

(Data - Theory)/ Theory

nb/GeV

o
o

o

-0.5

10'5% - Statistical Errors Only -~ \ """""""

Inclusive Jet cross section

CDF Preliminary
¢ ---1994-95
1992-93

NLO QCD prediction (EKS)
~cteqdm p=E/2 R__ =13

N

"

300
Transverse Energy (GeV)

NLO QCD (CTEQ3M) Data/CTEQ3M

o CDF (Preliminary)

A DO (Preliminary)

! 3
_gﬁm@ﬁooﬁ - B |

Statistical Errors Only

 Tevatron Run | (~1996):

» Excess at high E-

* Could be signal for quark
substructure?!?
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Jet Cross Section History

(Data - Theory)/ Theory

nb/GeV

0.5 |-

-0.5

F ®
10'5; - Statistical Errors Only -~ \ wa—

Inclusive Jet cross section

CDF Preliminary

o 100408
1999=9J

O 1992-93

NLO QCD prediction (EKS)
~cteqdm p=E/2 R__ =13

N

NLO QCD (CTEQ3M) Data/CTEQ3M

o CDF (Preliminary)
A DO (Preliminary)

! 3
i Y Eﬁg%}

Statistical Errors Only

 Tevatron Run | (~1996):

(Data - Theory)/ Theory

« Revision of parton density functions
* Gluon PDF was uncertain at high x
* Modified PDF describes data well

NLO QCD (CTEQHJ)

CDF (Prel 1.01
i DO (P(re:lerr:?r::r?/rw *0.98 Data/ CTEQ4HJ

Statistical Errors Only

05 ! ! I | I 1 ! ! | ! 1 ! I | I ! ! I | ! 1
100 200 300 400

Et
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Jet Cross Sections: LHC

;‘ 1012 F ' T T T T 1 T 1 | T T T
O - anti-k, R=0.4 ATLAS
O 0°F is-13Tev, 81nb"-321" ® y|<05(x10)
Pe) 5 - O 05 <y <1.0(x10%)
o 10°E B 1.0<[y<15(x10°)
g o o O 1.5 <[y] <2.0(x10°)
3 o9
% 10 - ¢ '00... A 20 <y <25(x10"?)
—O o ®oee A 25<|y|<3.0(x10")
o g %0 .."‘\.
- Cop
S -
S~
©)
Q
©

— e
S 9 9
o o
0
O
1
1]
]
[
1
1
i
]
/;
O

A
Systematic
uncertainties “

NLOJET++ (CT14 PDF) x
Non-pert. corr. x EW corr. =i

w
I|I|I|¢
n
n
|
m
|
||
| |
||
| E O
B O
j
o
o
o
°
I| II I| Illlllllll I| lIIlIIIlIl I| llllllllll I|I| Illlllllll I| I| I|III|I|I

0 —_ —_ —_
o < = -
I — — —
n o) o N

34



W and Z Bosons

» Focus on leptonic decays:
* Hadronic decays ~impossible due to enormous
QCD dijet background
« Selection:
s Z:
« Two leptons p>20 GeV
- W:
* One lepton p;>20 GeV
« Large imbalance in transverse momentum

* Missing E;>20 GeV
« Signature of undetected particle (neutrino)
« Excellent calibration signal for many purposes:
« Electron energy scale
Track momentum scale
Lepton ID and trigger efficiencies
Missing E; resolution
Luminosity ...

Electron

Hadronic recoil

v

Underlying event

Hadronic recoil

T

35



Lepton Identification

electromagnetic padronic

* E I eCt rons.: . . . tracking Chambelgalorimeter calorimeter Chg}gggr
« compact electromagnetic cluster in calorimeter

 Matched to track

 Muons:
* Track in the muon chambers
 Matched to track

 Taus:

— e — ]

electromagnetic  hadronic muon
. calorimeter calorimeter chamber
tracking chamber

T ]

 Narrow jet |
J elec@omagnet1c hadronic muon
calorimeter calorimeter -hamher

 Matched to one or three tracks tracking chamber

 Neutrinos: /—*\\/_%/:é

 Imbalance in transverse momentum

* Inferred from total transverse energy measured
electromagnetic padronic o

IN d ete CtO r ) calorimeter calormeter Cmmbgr
tracking chamber -

 More on this in Lecture 4 E

{44
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Electron and Muon Identification

0.95

O
©

0.85

O
o

|dentification Efficiency

0.75
0.7
0.65
0.6

5 :

—eefll—
-
———a
—
—&—
b
B o
B
0
B
©

* m| < 2.47

M % Zl‘ TTLAS

v Multilepton
Medium

n MediumLH

v Tight

\s=8TeV o VeryTightLH -

AN AN N N

« LooselH
L dt = 20.3fb"

10 20 30 40 50 60 70 80 90 100

E. [GeV]

Efficiency

Data/MC

—h
—

2 (13 TeV)

LU | LI | IIIIIIII | LI | LI | LI | L | IIIIIII _I
- CMS Tight ID, p > 20 GeV -
1.05 — 2015 pp data —o— Data ]
N —a MC ]
1 —
- = . g —E— -
:'—.—l—.—| '_._:_._. '_._.'-_' ———— '—.—'—.—_'
0.95~ o e
0.9F . -
: ® . i
0.85— —
08'__.'.'.' T T R L R T B A A '__'
104 [
I il i i i 3
1 :_ ................................................................................................................................................... —]
0.98 f:.__’_—’—._._’_’__._ ............. e
096 :_I ................ e e e ]
-2 15 -1 05 0 05 1 1.5 2
Muon n
II|I
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W’s and Z’s

. MC Stat. @ Syst. Unc.
- []Z—e'e

~ [ Diboson

4— OZ-rtt

- [ Top quarks

Entries / GeV
(@) ]

Z—e'e
ATLAS

- 13 TeV, 81 pb”

B 12
a 1.
g 0.9
S 0.8

 / mass reconstruction

* Invariant mass of two leptons

m = +/(E1 + F2)? — (p1 + P2)?

e CMS
> [ T T T | T T T I T T T | T T T _]
& L ot L=182pb"\s=8TeV
-
(C\)i 6— ¥ —— data —
— - 4 * W-puv -
g » B EWK+tt .
[ * - - QCD
3 L |
L 4 * i |
L - —
-
L y. |
£ 3
~ o £ 3 —
2 [ 0’ - —
L < i
- -
.y - a
| ’f."."ﬂul-
o O b e by |
¢
R0 pptptbprtpbr ittt
0 20 40 60 80 100

Er [GeV]

* \V mass reconstruction

* Do not know neutrino p,

* No full mass resonstruction possible

e Transverse mass:

mr = /|51 + 512 — (7 +

vV

Pr

)2




Dependence of (W) and o(Z) on Vs

E‘ | || 1 1 T 1 I || 1 1 1 1 LI | I 1 1

O - ®  CMS Preliminary, 43 pb™ (13 TeV) W —

E — ® CMS,18pb'@TeW W+

O  CMS,36pb" (7 TeV) W
X10*E m cormum =
b E O DORunl E
— A uvA2 ]
: Y  UAT VA :
103 — PP —
— Pp _
10° = =
E Theory: NNLO, FEWZ and NNPDF 3.0 PDFs E
B 1 | | L1 1 I 1 | | 1 1 L1 1 I 1 1 ]

0.5 1 2 5 7 10 20

Center-of-mass energy [TeV,



Top Quark Production and Decay

40

15% 40()()0( 85% at LHC
) g
Y
/9

» Decay via the electroweak interactions Br(t >Wb) ~100%

Final state is characterized by the decay of the W boson

Dilepton / I
W
Lepton+Jets St '

All-Jets b

[ Different sensitivity and challenges in each channel ]




How to iden_tify the top quark

1
BR(W - lv) = 9 11%

dilepton (4/81) 2 leptons + 2 jets + missing E;
|+jets (24/81) 1 lepton + 4 jets + missing E;
fully hadronic (36/81) 6 jets

(here: I=e,u)

Oe-e (1/81)
O mu-mu (1/81)
E tau-tau (1/81)

Oe-mu (2/81)

Oe-tau (2/81)
B mu-tau (2/81)

Eetjets (12/81)

B mu+tjets(12/81)

Dileptons ,
P B tautjets(12/81)

Ojets (36/81)
41



Finding the Top at Tevatron

| D @ 600 :
Top sark dscovery evet (00 " [Losmo" -DoDat
| 7 [ I
i o
/ = 400 loth_er
2 " Wijets
o 3 B Multijet
The box 1s dom across 200
AR o 0
\\\ 1 >2

Number of tagged jet
* b-tagging helps a lot: HmDer o1 TAggeade’s

+ Signal/Background improved by about a factor of 10 when using b-tagging

« Tevatron (with 4 jets):
* no b-tagging: S/B=0.8, With b-tagging: S/B=6



Finding the b-jets

displaced
tracks

« Exploit large lifetime of the b-hadron
« B-hadron flies before it decays: d=ct

Secondary
 Lifetime t =1.5 ps-’ vertex
e d=ct =460 um \ Ly -8
» Can be resolved with silicon detector resolution _
Primary -~ d
* Procedure “Secondary Vertex”: vertex R0

 reconstruct primary vertex:
* resolution ~ 30 um
» Search tracks inconsistent with primary vertex (large d,):
« Candidates for secondary vertex X
_ _ prompt tracks z
« See whether three or two of those intersect at one point
« Require displacement of secondary from primary vertex

- Form L,,: transverse decay distance projected onto jet axis:
* L,,>0: b-tag along the jet direction => real b-tag or mistag
* L,,<0: b-tag opposite to jet direction => mistag!
- Significance: e.g. dL,, / L,, >7 (i.e. 7o significant displacement)

“» Nowadays, input many properties of tracks into multivariate algorithm (e.g. Neural Network)



Top cross section: dilepton channel

[2) 450_ | | | [

: o - ATLAS Preliminary e Data2015 1
* Event selection 5 400 1s-13TeV,78pb" 1 Powheg+PY 1
* Isolated e and p with p>25 GeV 350 . : ;V:jets =
» One or two b-jets 300 CiDiboson
: - B Mis-ID lepton A
* Ny: 1 b-jet 250F -
* N,: 2 bjets 200F- =
« Solve equations for cross section and 150 ’ =
fraction of b-jets found (g,) 100 E
N1 = Logeuep(l — Cpep) + N?kg 50 _;
.

Ny = Log ee#Cbebz - N;kg 0 0 1 P > 3

N

ATLAS: 057 = 825 + 49 (stat) + 60 (’sy§t)_:t 8} (lumi) pb
CMS: o = 769 = 60 (stat) £ 55 (syst) & 92 (lumi) pb

ATLAS: arXiv:1606.02699  CMS: arXiv 1510.05302



Top pair cross section versus Vs

Inclusive tt cross section [pb]
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o
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10

Tevatron combined 1.96 TeV (L <8.8 fb

CMS dilepton,l+jets 5.02 Te\1/ (L=

ATLAS eu 7 TeV (L = 4.6 fo"

R o v iLos ) LHCIop WG
ATLAS en 8 TeV (L = 20.2 fb)

CMSeu8TeV(L=19.7fb")

LHC combined ep 8 TeV (L =.5.3-20.3 fo™) LHCtop WG
ATLAS ep 13 TeV (L =3.2 fb™)
CMSep 13 TeV (L=221fb")
CMS ep* 13 TeV (L = 35.6 fb)

374"  ATLAS+CMS Preliminary Sept2018 _

ATLAS ee/pp* 13 TeV (L = 85 pb;))
ATLAS |+jets* 13 TeV (L = 85 pb™)
CMS I+jets 13 TeV (L=221b")
CMS all-jets* 13 TeV (L = 2.53 fb™)

* Preliminary

ol gul RS E N ER N KN K RE-Ban

900F

700F
= NNLO+NNLL (pp) i
= NNLO+NNLL (pp) R T

—>—
1

NNPDF3.0, m,__ = 172.5 GeV, (M) = 0.118 + 0.001

Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV]

2 4 6 8 10
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Electroweak Precision Measurements

» Top quark is the heaviest known fundamental particle

* Today: my,,=172.47+- 0.46 GeV

* |s this large mass telling us something about
electroweak symmetry breaking?

* Top yukawa coupling:
 <H>/(N2 mtop) = 1.0086+-0.0027
« Theory uncertainty: ~0.5 GeV

» Masses related through radiative corrections:

* If there are new particles the relation might change:

* Precision measurement of top quark, W and Z
boson masses can reveal new physics

t H
e VYV LUV '\ wt\ouw

;‘ B I I I I | I 1 I I | I 1 I I |: 1 I I I I 1 I I I I,_

8 — 68% and 95% CL contours H M ‘;’:mbi ;2127 ey T

— 805 — B Fitw/o M,, and m measurements :: - =046 GeV P —

Eg _ Fit w/o M,,, m and M, measurements i — =046 ® 0.50, ., G&V —

P Direct MW and m, measurements ' ’ B

80.45 — —
804 —

~ M, comb.+ 1o 3

80.35 — Mx =80.379 + 0.013 GeV N

80.3 — it —

- R rﬁ)@@i o = oS .

80-25 I 4?)”’ //‘\ /,r‘)),’ //Q .I‘ i g._

: \\E\jv" @\‘. \\32\;.,, @i\;"::: G fltter ;:
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Fit to Electroweak Prec

Erler, Schott 2019
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W boson mass

Events/ 0.5 GeV

Data / Pred.

3
160 x] 0 T LA L B L B L BN LA BN
= {s=7TeV,4.11fb" W uv =
120 []Background
100E- x2/dof =29/39
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W boson

| | |
ATLAS ¢ my
Stat. Uncertainty
— Full Uncertainty
LEP Comb. PA 80376133 MeV
Tevatron Comb. ® 80387+16 MeV
LEP+Tevatron PA 80385+15 MeV
ATLAS P 80370+19 MeV
Electroweak Fit _.8_035618 MeV
| | | |
80320 80340 80360 80380 80400 80420
m,, [MeV]

m,, [GeV]
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ATLAS
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B m, =172.84 £ 0.70 GeV
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68/95% CL of Electroweak

Fit w/o m,,, and m,
(Eur. Phys. J. C 74 (2014) 3046)
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Top Quark Mass measurement

4 jets, 1 lepton and missing E;

* Which jet belongs to what?
« Combinatorics!
B-tagging helps:

« 2 b-tags =>2 combinations

* 1 b-tag

* 0 b-tags =>12 combinations

=> 6 combinations

Two Strategies:

« Template method (traditional):

« Uses “best” combination

 Chi2 fit requires m(t)=m(t)
 Advanced methods:

» Use all combinations

 Assign probability depending on kinematic
consistency with top hypothesis

Key challenge experimentally:

« control systematic uncertainties due to jet
measurement systematics

b jet

x10° CMS 35.9 fo! (13 TeV)
> 140f mEfcomer | mmSnget
S0 i =WES 3
120F []ttunmatched QCD multiiet
S r e Data %Dibosrg: tlet ] f
o 100} 1
o B E C
= 80 ke,
© C A” =1
5 60 1 =
g : S
= 40f S
g o 5
20f o
O, . O
% 1.5 %
| S S SR
a) 100 200 300 400 A
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FSR jet
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80 - Emiticorrect = mmSinglet =
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Top mass measurement: LHC

Normalized events / GeV

Ratio

0.035

0.03

0.025

0.02

0.015
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'ATLAS Sim
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[ |
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top
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|: my,, =
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177.5 GeV -
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190 200
miee° [GeV]

ATLAS+CMS Preliminary Myep SUMMary,¥s = 7-13 TeV. May 2019
LHCtopWG
"""" World comb. (Mar 2014) [2]
stat total stat
total uncertainty ) M, T total (stat syst) Vs  Ref.
LHC comb. (Sep 2013) LHCtopwa e 173.29+ 0.95 (0.35+ 0.88) 7TeV [1]
World comb. (Mar 2014) HH 173.34+ 0.76 (0.36 + 0.67) 1,967 TeV [2]
ATLAS, l+jets H—-—H 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 H——s—— 1751+ 1.8 (1.4 1.2) 7 TeV [4]
ATLAS, single top I—l—-—l—-—| 1722+ 2.1 (0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton H--H 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets — 178.72+1.15 (0.55+ 1.01) 8 TeV [7]
ATLAS, l+jets e 172.08+ 0.91 (0.39+ 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69+ 0.48 (0.25+ 0.41) 748 TeV [8]
CMS, l+jets = 173.49+ 1.06 (0.43% 0.97) 7 TeV [9]
CMS, dilepton = 172.50+ 1.52 (0.43+ 1.46) 7 TeV [10]
CMS, all jets |—-|—-—+—| 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
CMS, l+jets HeH : 172.35+ 0.51 (0.16+ 0.48) 8 TeV [12]
CMS, dilepton I—H——| 172.82+ 1.23 (0.19+ 1.22) 8 TeV [12]
CMS, all jets HeH | 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
CMS, single top H—o--H 172.95+ 1.22 (0.77+ 0.95) 8 TeV [13]
CMS comb. (Sep 2015) H 172.44+ 0.48 (0.13+ 0.47) 7+8 TeV [12]
CMS, I+jets a 172.25+ 0.63 (0.08 0.62) 13TeV [14]
CMS, dilepton ot 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets e 172.34+ 0.73 (0.20+ 0.70) 13 TeV [16]
: [1] ATLAS-CONF-2013-102 [7]JHEP [13] EPJC 77 (2017) 354
403.4427 81 EPJC [14] EPJC 78 (2018) 891
oo e e e e
[5] ATLAS-CONF-2014-055 [11] EPJC 74 (2014) 2758 :
: [6] PLB 761 (2016) 350 [12] PRD 93 (2016) 072004
AN U N N NN AT - I AN S S AN R RO E A O B
165 170 175 180 185
mtop [GeV]
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Future Colliders: W, Z and top

512 FCCee W-pair threshold — —— — —
= - - o) - T T T 3
= | — m,=80.385GeV TI,=2.085GeV )
= m,,=79.385-81.835 GeV, I',=2.085 GeV 2. 0.8 |- tt threshold - 1S mass 174.0 GeV -
%1()* (2] m,,=80.385 GeV, T,=1.085-3.085 GeY CC) © — TOPPIK NNLO + ILC350 LS + ISR 4
- B | T simulated data: 10 fb Y/point 1
8 3’) 0.6 — -~ top mass + 200 MeV —
) e
L 2]
o} z
i_ o
61 © T 2
04 *
4+
- "‘"‘"‘ 0.2
2~ ILC ]
‘‘‘‘‘ 58 CLIC detector 4
‘ ‘ 0 I 1 2 1 l 3 3 | 1 1 1 I
955 160 165 170 345 350 355
\'s (GeV) \s [GeV]

 Measure W and top masses from threshold scan

« Requires /s ~ 2M: ~160 GeV for W and ~350 GeV for top
« Advantage: measured top mass is the pole mass

* High precision Z programmes foreseen
« At circular colliders: 1012 Z’s!

1014

1012

10]()

108

100

104

102

1 0()

. s=M

[ /s = Mz (non default)
B 5250 GeV

B 5380 GeV

. /5= 2My
N 5= 240 GeV
5 =250 GeV




Future Prospects: Electroweak Observables

o N LU TN [ 000 | Precision [MeV]
S— st varticle | Now | Future
W 12 1-3

PDG: £2.1 MeV PDG: £2.3 MeV PDG: £12 MeV PDG: +500 MeV PDG: £19x 1074
0.0 0.2 0.4 0.6 000 025 050 075 100 0 1 2 3 0 20 40 60 10°° 10° 104 1073 yA 2 . 1 0 1_05
[MeV] [MeV] [MeV] [MeV]

. e v e O —— e ——

PDG: +£150 x 10~* PDG: +£40 x 107+ PDG: £200 x 1074 PDG: £270 x 1074 PDG: +49 x 103
10°° 10-* 102 106 10°* 102 0 1 2 3 0 2 4 6 10°° 10-4 102
x1073 x1073
Higgs@FC WG
R R OR OR
I -l Y I O FCC-ce
CEPC
| ] - l B 1LCGigaZ
ILCys0
Bl CLIC Giga-Z
CLIC
PDG: £33 x 1073 PDG: +46x 103 PDG: +6.6x 10~* PDG: +30x 10+ 380
10°° 10°* 1072 10°° 10~4 1072 1.5 3.0 4.5 0.4 0.8 1.2
x10~4 x1073

* Future e+e- colliders improve by ~10 compared to current precision
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Future Prospects: Electroweak Fit

80-46 B I I I I I I I I I I I I I I I I I I I I I I |

— 68% and 95% CL fit contour m*ioc =

80.44 — w/o M, and m, measurements —
- [ Present SM fit

80.42 — "7 Prospect for LHC z

— | Prospect for ILC/GigaZ _

80.4 I present measurement ]

= LAC precsion =

— +1 -

8036 |~ 1 ° =

80.34 — -

80.32 [— _ .

_ fitter|sv]t 1

B | 1 | | I | | | |
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Conclusion from Lecture |

 Perturbative QCD describes hadron collider data successfully:
« Jet cross sections: Ac/c = 20-100%
« W/Z cross section: Ac/le = 2%
» Top cross section: Ac/oc = 4%

* High Precision measurements
W boson mass: AM/M,, =0.015%
» top quark mass: Amy, /m;,,=0.29%
 HL-LHC should improve by ~factor 2 B
» Factor ~10 expected from future e+e- colliders a0

* Interesting anomalies in lepton flavour aspects of B-meson decays

« Standard Model works very well!
« Tomorrow: Higgs boson, flavor and direct searches
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Technical Challenges in Energy-Frontier Colliders proposed

FCC-

C sprc
hh

FCC-

CEPC

ILC

CLIC

CDR

(to be
filled)

CDR
CDR

TDR
update

CDR

E
(CM)
[TeVl

~ 100

75—
120

0.18 -
0.37

0.046 -
0.24
(0.37)

0.25
(-D

0.38
(-3)

Lumino

sity

[1E34]

<30

460 -
31

32~

1.35

(-4.9

1.5
(-6)

580

260 -
350

150 -
270

129

(- 300)

160

(- 580)

Cost-estimate
Value*
[Billionl

24 or
+17 (aft. ee)
[BCHF]

10.5 +1.1

[BCHFI

5

[BS]

48-53
(for 0.25 TeV)
[BILCUI

59
(for 0.38 TeV)
[BCHF]

~ 16

12 -
24

=+
[MV/mI
(GH2)

10 - 20
(0.4-0.8)

20 - (40)
(0.65)

31.5- (45)
(1.3)

72 - 100
(12)

*Cost estimates are commonly for “Value” (material) only.

Major Challenges in Technology

High-field SC magnet (SCM)
- Nb3Sn: Jc and Mechanical stress
Energy management

High-field SCM
- IBS: Jcc and mech. stress
Energy management

High-Q SRF cavity at < GHz, Nb Thin-film
Coating

Synchrotron Radiation constraint

Energy efficiency (RF efficiency)

High-Q SRF cavity at < GHz, LG Nb-bulk/Thin-
film

Synchrotron Radiation constraint
High-precision Low-field magnet

High-G and high-Q SRF cavity at GHz, Nb-bulk
Higher-G for future upgrade
Nano-beam stability, e+ source, beam dump

Large-scale production of Acc. Structure
Two-beam acceleration in a prototype scale
Precise alignment and stabilization. timing
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ee and pp colliders:

Personal (A. Yamamoto) View on Relative Timelines

Timeline | -5/ 10, 15| .20 .25 30 ~35

Lepton Colliders

Proto/pre-

SRF-LC/CC - Construction Operation _
NRF—LC Proto/pre-series Construction Operation _

Hadron Collider (CC)

8~(11)T Proto/pre- - ‘ .
NDTi /(Nb3Sn) series Construction Operation E
15';18'? Short-model R&D Proto/Pre-series Construction Operation
3
14~16T : :
Nb,Sn Short-model R&D Prototype/Pre-series Construction

Note: LHC experience: NbTi (10 T) R&D started in 1980’s --> (8.3 T) Production started in late 1990’s, in ~ 15 years

pp collider schedule depends critically on progress in high field magnet R&D



Further (Far?) Future

Muon-based technology represents a unique opportunity for the future of high energy physics research:
the multi-TeV energy domain exploration.

Ve ry inte re Sting R&D prOjeCtS Proton Driver Front End Cooling Acceleration Collider Ring
* Muon collider: _szf - ‘ == &
* from proton beam (rcooling success: MICE) B BN 388808 1 e —" | 77

 from e+e- production (LEMMA)
EuPRAXIA

. [ ] L] .
P | a S m a Wa kefl e I d a Cce I e rat I O n * Horizon 2020 EU design study funded in 2015.
. . . Deliverable: Conceptual Design Report by Oct 2019
e High gradients possible: ~100 GV/m e ey
. The EuPRAXIA Strategy f(?r A.ccelerator Inn0\.lation:. .
* R&D progressing well but many challenges e the reored mermedine i beweenprot of pincle and

production facility.

250 PRESENT PLASMA E- ACCELERATION EXPERIMENTS

PLASMA ACCELERATOR
- plasma il PRODUCTION FACILITIES
= ,
= 150 2020 ] Plasma-based linear collider in
S Demonstrating user readinessfl 2040's
= Pilot users from FEL, HEP, Plasma-based FEL in 2030s
: medicine, ...
¥ 100

'
.
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LHC power:
150 MW

Project

Int. Lumi.

[a]

Oper. Time
[yl

ILC ee 0.25 2 11 129 (upgr. 4.8-5.3 GILCU +
150-200) upgrade

0.5 4 10 163 (204) 7.98 GILCU

1.0 300 ?
CLIC ee 0.38 1 8 168 5.9 GCHF

1.5 2.5 7 (370) +5.1 GCHF

3 5 8 (590) +7.3 GCHF
CEPC ee 0.091+0.16 16+2.6 149 5GS

0.24 5.6 7 266
FCC-ee ee 0.091+0.16 150+10 4+1 259 10.5 GCHF

0.24 5 3 282

0.365 (+0.35) 1.5(+0.2) 4 (+1) 340 +1.1 GCHF
LHeC ep  60/7000 1 12 (+100) 1.75 GCHF
FCC-hh pp 100 30 25 580 (550) 17 GCHF (+7 GCHF)
HE-LHC pp 27 20 20 7.2 GCHF

60



# of “largely” improved H couplings (EFT)

Factor 22 Factor 25 Factor 210 Years from T,
CLIC380 9 6 4 7
Initial FCC-ee240 10 8 3 9
run CEPC 10 8 3 10
ILC250 10 7 3 11
FCC-ee365 10 8 6 15
2"d/3rd || CLIC1500 10 7 7 17
Run ee || HE-LHC 1 0 0 20
ILC500 10 8 6 22
hh CLIC3000 11 7 7 28
ee,eh & hh | FCC-ee/eh/hh 12 11 10 >50

13 quantities in total NB: number of seconds/year differs: ILC 1.6x107, FCC-ee & CLIC: 1.2x107, CEPC: 1.3x107




