11t LATIN-AMERICAN
CERN OF z, ‘ , t‘gc‘%k

Colllder Experlments
the LHC &beyond

Roger Forty (CERN)

Lecture 3



Outline
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1. Strong interactions

Crosssections, jets, QGRp quark It is onlypossible to include a

limited selection ohighlights,

2. Fl_ayourphys_.lcs_ which | have selected according
Mixing, CP V|olat|on., rare decays to my personal taste many

3. Electroweak physics more results are available from
W, Zmultibosons the websites of the experiments:

4. Higgs boson properties ATLASCMSLHCDALICE

Mass, width, couplings, HH

Lecture 4:Looking beyond
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic
https://cms.cern/news/physics-results
https://lhcb-outreach.web.cern.ch/category/physics-results/
https://twiki.cern.ch/twiki/bin/view/ALICEpublic/ALICEPublicResults

Introduction

A Proton-proton collisions at high energy  proton - (anti)proton cross sections
in the LHC enable a wide varietyof "™ 1 7

physics processes to be studied o e i
10" F Tevatron LHC:
A Qosssections(measuring probability | '
of a given final state being produced) 1§
vary over 12 orders of magnitude! 10t [ °
A This enables a rigbhysicsprogramme 1°3 o (B> E20)

and makes modahdependent
searchegossible

c (nb)
[e]

10° ;_cjet(ETje' > 100 GeV)
A But thecollisionrate is overwhelmed 1
by mundanegorocesses, so background
discrimination and modelingre crucial
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Crosssection measurement

Number of observed candidates Number of background candidates

(fitted or counted) (measured from data Care needed when
or calculated from theory) measuring differential
o (minimize) crosssections: resolution
Cross section in cm? . T
(or ub, nb, pb)  ~—__ Nobs — Nbackg effects can bias distribution
e [ Ldt
Efficiency/acceptance Integrated Luminosity in cm ™’
(maximize) (or ub” nb~'pb7
(maximize,
unless systematically limited)
N2+ 0N? 2 2
5_'7 - obs backg n (5_1(:-) n (ﬁ) | ¢
- (Nobs — Nbackg)? r P See lectures o

Harrison Prosper

AcErrorg [[dz20SR F2NJ YSIF adzZNBYSyda I dzy
statisticalfrom fit to the data: quotedas®°1” (RMS)A Ol £ S & A

systematidrom uncertainties in the other parameters that affect
the result, such as luminosityestimating these is a difficult art
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Luminosity measurement

A Measuringcrosssectionsrequires Teem .

knowledge of thantegratedluminosity +300M. "—.

A Theinstantaneousuminosity can be e

e e e

determined by manipulating the beamsina 5 " amas " o LicoBiior
special run, known as\dande Meer scan 2 T itumsix  « ronormoon
the offset between the beam positions is 1o Beb iz 0o%9%0g  F
adjusted in steps to determine the beam 0 W Yo, 3
profile, and the bunch charges are measured wf ° a1

F e 9 ]

A Need to transfer that information via signals 10*%8%‘
in other detectors, so that luminosity can be "/ SETINS ?’,‘
monitored throughout the run  axiv:2212.00379 06 04 02 0 02 04 06
~ 1% precisioAchieved on luminosity measurement Ax [mm]

A The profiles of the beams can also be seen in
beamgascollisions, e.g. at the LHCb VELO:

A The luminosity delivered can be levelled by

adjusting the beam offset, e.qg. tonit pileup
or to provide lower luminosity for LHCb | : @/
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https://arxiv.org/abs/2212.09379

Background estimation

A The main challenge sackground eventsfrom other processes which

look like signal events

iInstrumental(fake)background irthe detector: a differentype of

object fakes thene present inthe signal decay

physicqirreducible)background: a differenhysics process with

same final state athe signal

arXiv:1301.5272

A@ackgroundAconA tribution to signal region g *g T
Ol y 0S SAaAUAYF SR dZé )ii: . =4\_I4fbé1!8ignalsir5naéon Y
NBHAEY I NB RSUY SR g8 »RA IR RKYF
2T 0p2 aStSOuA2y O NMAl O SE dzaAy
NBIA2Y 5 A& RSUYSR Isa (/3 AJyI
A, B and C as control regions Z;A Data'" B

A The expected number of candidates from g g

background in signal region D is estimated
from the numbers of observed data 5 NDLXNS

15 20 25 30
S(TRT dE/dx)

candidates in the other regions data = T A
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1. Stronginteractions

A Hadroncollisionsare swamped by
multi-jet processes

To discover new physics, we
need a quantitative
understanding of QCD
processes in rate and shape

A In itself, the study ofmulti-jet final
statesis a test operturbative QCD 3

It can also serve as a window toe
new physics such as
compositenes®r excited

quarks

A Only smalbatasetsare needed
statistics arenot aproblem

A First discuss th#otal crosssection

proton - (anti)proton cross sections

10° 3 [y

tot

10" £

0
B 2z
10‘5 ;_ MH=125 GGV{

-6
10°
[ Wis2012

Tevatron

1~

Multi-jets

WX T
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Total crosssection

A The total crossection is a very basic measuremettie total interaction
probability when two protons hit each other

A Make use of théptical Theorenfrom quantum mechanics:

The imaginary part of the amplitude between statgeandb is given by the product of the
amplitudes froma andb to all available intermediate statdsintegrated over their phase space

bthe total crosssection is equal to the imaginary part of the forward
scattering amplitude Sy 4,0C[m(f )t ) (= (pq*)z

A Requires measurement of differentic .. _ 1 4160
elasticcrosssection int: CIT T dt

A Elastically scattered protons will escape from the
generatpurpose experiments inside the beamgev p— o
CYSSR | RiGnakd@hysicB R RE8 U SO0 2NT—
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TOTEM

A Silicon tracking detectors mounted in |\ %
aw2YlLyYy t204¢ OSNE | Of
to measure elastic scattered protons
(similar principle tahe LHCB/ELO)

B (L B
It 2'\ elastic scattering /5 = 13 TeV o 45bot-Sbtop )
E g0 E 3 events 5.55x 108 =
= £ \ 45 top - 56 bot S
:E:\ ]09§_ lH‘ events 7.82x 10 E'
108 ;7 \ H | =.
g 3.
107 = b . < -
£ QD
10° £ :_T|
" PR INARY | 2
=3 i) IR B T ™ T
£ ‘ i [9)
o' =l E 140 , ATLAs >
. i 1 O o - = TOTEM g
10 . o 120~ s Lower energy pp =
102 ~ , ﬂ—H— ~ _  a Lower energy and cosmic ray pp 1Y)
1§H‘m.‘m...\.‘.‘\“H\H‘.i“.. {00l © Cosmicrays LHEl
0, 05 ) 15 2 25 P [~ — COMPETE RRpl2u 1 o
|t| (GoV?) [ ---13.1-1.88In(s) + 0.14In%(s) 1 m
80 108
PROTON-PROTON ELASTIC SCATTERING W 1 ©
. 601~ 1
p [ 4 O
EFRACTION —\A % =
nllnrrsm 40- ] o)
N e ]
20f - - E %
PROTON - R — N
BEAM [ — :kIAM-A e N : 1 1 <
0 Dkl dedededd INEN dedh
TARGET
PROTON 10 102 103 104
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LHCH

A Another forwardphysics experimertHCf e o
(at ATLA3P) uses @erodegree calorimeteto ... o
studyneutral production,relevantto cosmic rays —

See lecture of MigueWostafa

magnet

Arml
Double-tower calorimeter

A 13 TeVpp collisions correspond tb0*” eV cosmic g
rays impinging othe atmosphergfixedtarget
O2ff AaAzyav thedCRPestrumKS a ]

LHCtalorimeter

A LHCUata helpstune simulationof CRair showers

104

_.
<
o

4 ]
Po 4
s

Y00 ey
[Ennamaa

Grigorov
JACEE
MGU
Tien-Shan
Tibet07
Akeno
CASA-MIA
HEGRA
Fly’s Eye
Kascade

Kascade Grande
IceTop-73
HiRes 1

HiRes 2
Telescope Array
Auger

E*F(E) [GeV** m2 s s
=
I

[
< ]
T T T T

o3 o0« 00 %<>000Codd4dnmp

Air shower

10" 10" 10%
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R2:n2+¢)2

J et CI u Ste ri n g Fixed Cone Selqu\eEal Czlus\t;ng

A Jets are collimated sprays stible
chargedand neutralparticles

3 4
They can be reconstructed using
different algorithms:
. Applied to samegarton-level event:
A FixedCone kb=l .. CA, b =0

s
20
«

Variations in how to choose seed and
cone sizédRI' nd®o X mU

0!
s
o
L]

A Sequential Clustering
Pairwise examination of inputvectors

Merging determined by proximity in
space and transversaomentum
between particles, j and beamaxisb

If dij <dib, combinethe particles
otherwiseli istaken as get

y

Anti -k, b =1

d . ( 2[3 2[3 AR?) D |ffe re nt Va” ants d,] dominated by soft d.q independent of pt d,] dominated by hard
.. = IMIn p . p . Area fluctuates Area fluctuates Area fluctuates slightly
ij L’ 17 p2 -1, . Anti-k; considerably comewhat
2 ’3 [5 = 0 N Cambrldge‘AaChen Susceptible to UE & PU Somewhat susceptible to  Only slightly susceptible
dib:pn 1 kg UE & PU to UE & PU
3 3

Good for jet sub structure  Best for jet sub structure  Worst for jet substructure

Roger Forty Collider Experiments 3: LHC physics highlights R, Atkin, HEPP2015 11



Jetcalibration

A TheJet Energy Scal@ES) anResolution(JER)
areimportant ingredients foprecision studies
Energyscale calibration restores the jehergy
to that of jets reconstructed at the particlevel
correcting for detector imperfections, pileup, etc.

ol
- HCAL
A Jets can be defined at different levels in an event ‘§ EeAL
Parton jetmadeof quarks and gluons A \N/ Tracker
. . . = A

(after hardscattering, befordnadronizatior) B Ky pP
Particlejet composedof final-state colourless é’
particles(after hadronizatior) g -
Detectorjet reconstructedirom measured B =
energydepositionsandtracks g

o

P

S ?

= 02 T T T LI R |

o 1 14— T 2 018k ATLAS 3
= 112 y » . « Jet ener Cale 2 ok (s =13 TeV, 44 " dijets |
% 14 : 1&4:2;{?; ATLAS Preliminary 938 @ gﬁ_ Anti-k, R = 0.4 (PFlow+JES) :
DO rectelancs i Eur Phys. J. C75 (2015) 17 3§ 1ok 02 <™ <07 ;
: 5 0.12f ]
1,04 .. . & 01F + Data =
g — M++H» { Few %precision achieved s o =Pythia8
1 1 F ]
o ‘QWW = 0.06F E
0'98_—0- & * == H— M E :_ _:
096/ # T | Jetenergyesolution mp 2% 3
0.94 _ 02} ]

0.09§~ JES uncertainty antik, A=0.6, EM+JES - arxiv:2007.02645 B T T T

' 102

10° [GeV]
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Jettopologies

A Qualitatively different quarks/gluons produce different jepologies:
different radiation patterns& lifetimescanbe discriminated vidopologies

u,d or s jet gluon jet corb jet pileup jet

A Jets can also form from hadronic WIZ- 3 H- bb

t Wb- qgb

decays of higip; heavy particle

By studying the patterns
gain information about
the process in the event

Can be used to identify
new physics signatures Wor Z jet Higgs jet

Roger Forty Collider Experiments 3: LHC physics highlights
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Inclusivegt crosssections

A Doubledifferentialin p;andy:

d?o 1 Niets
dprdy  €Linterr Apr (2AlY])

A Dominant systematic uncertainties:
JE&nNd JER (range from30D%, largest
at low py, high rapidity regions)

A NLO predictions agree well with data
['Hh mprovedconstraints orparton
distribution functions (PDFSs)

A Dijet mass good agreement too

If deviations were seen fror@CDat

largep; they couldhint at substructure
iInside the quarks (as in Rutherford
scattering or other new physics

Roger Forty

—= 10"

>

.o‘m

o
‘—'(D 1014
> ;

8Te\{ _

= Iy <0.5( x10°)
T = 05<|y|<1.0(x10°)

T T T T T T 17T |
Open:L =56 pb!
Filled: L, = 19.7 fb”

—— CT10 NLO ® NP

------ CT10 NLO ® NP ® EWK

s
1015 4 1.0<lyl<15( x10%) Y N i
F = 15<|y|<2.0(x10°) T B
[ w2.0<ly|<25( x10%) L B

— 4+-25<|y|<3.0( x10")
S =-32<|y|<47(x10")
N 1 Il 1 1 1 11 ‘ 1 1 1 I [} | Il
21 30 40 100 200 300 1000 2000
Jet p_[GeV]
JHER3(2017)156 X
— CMS  Freliminary 12.9 b (13 TeV)
= 10" + Data
[«b]
— 10°? — Fit
= - gg (2.0 TeV)
B e qg (4.0 TeV)
éE: 10 -- qq (6.0 TeV) o
5 | <
107 %
10 2 >
Wide PF-jets lci)
10 F mji>1.1 TeV @
10 4l <25, jan < 1.3 o
= aF w
U-| o - N
S8 N o
e =) _017 7 _ .
72:_... : :
—a3 ; :
2 3 4 5 6 7 8
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Strong coupling constant

A The strong coupling constaat,can be extracted from the inclusive jet
measurements byarying its value in the theoretical prediction
(for a given PDF set) and comparing to the datartad the best fit

T 17 I T T T T 1T 17 ||

' H . +0. 0053
CMS incl. jets : cxslfl'u'lzj =0.1 1850mu
CMS R,
CMS tt cross section
. CMS inclusive jets

T o024
3 022
0.2F
0.18
0.16
0.14
0.12
0.1
0.08
0.06

D0 inclusive jets
DO angular correlation

| i 1 el 1 I Lol arXIV-1410.6765

2 3
10 10 1%, (GeV)

A Thed NXzy vy Jaytdidwer #aues athe energyincreases can bseen
asexpected INQCD¢ the energyscaleQistaken to be thget p;
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Quark GIUOn Plasma Seelectures of

MaelenaTejedaYeomans

as well anisotropifiow, J: andupsilon (bb)—
suppression providevidence that the hot
QCDstate produceds aquarkgluon plasma

Jet quenchingsuppression due to losing energy in medium

A A deconfinedstate of strongly interacting T e | cwsrom -zrorey
matter described bY)CDs expectedin D b o] o 13
heavyion collisionsat highenergyat the LHC f E ;'E

A Numerousobservables includinjgt quenching ] 55,

2

Mass(uw) [GeVic?]

Ratio betweerjetsin Pb-Pband pp
(suitably normalized)

& 1.4f ALCE R=04

i Pb-Pb 0-10% 5, =5.02 TeV
1.2 pp (s =5.02 TeV

[ 19,l<03 P s 7 GeVie

L oo F B
| 5 scer, ¥ ALIGE 0-10%
08l HyhridaModeL L=0 [] Corretated uncertainty

*~| W Hybrid Model, L= 2/(=T) Shape uncertainty
F W JEWEL, recoils on, 4MomSub
= JEWEL, recoils off

T16v5M202)T0T Ddd

0.6} = :
: [ W ow
. et 0.4f u
‘,A (quenched) jet 0.2¢
. . . . ) S S B
Largerjet quenchingseen forgluon jets comparetb quark jets © 50 1331_51 (GeVic)

Roger Forty  ATLASHION202214 Collider Experiments 3: LHC physics highlights 16



Top quark

A The most massivelementary particle

A Within the Standard Model it can be
produced singly or in pairs, and has a

very short lifetime:5 x

At boundary between st

10%5s "

[hit decaysbefore hadronisation
unigue opportunity to study bare quark

rong & EW physics'

10*

A Top-Higgs Yukawa couplihg p .

specialrole in EWSB
window to new physics that

P
Q 1
£ 10
b

might couple preferentially to top 4
Precisiormeasurements allow for

stringent tests of the SM 0 o
A Next heaviest quarkb (bottom or 10° ;Mfmeev{
beauty) produced more copiously 10° £
but doeshadronisecg discussedater 107 L

Roger Forty

LEPTONS

Elec. ino | Muon Neutri
mv,~0 mv,~0

Electron Muon
m, = 0.511 x10° m, =0.106

QUARKS
. - m, =173 GeV

Up Charm
m,=24x10° m =127

Down Strange
m,=48x10°! m,=0.104

LU | T T LI B R L |

LA LR
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Top production p—

A Main top productiormechanism athe LHC pair production

viathe stronginteraction 9% > (t
A Within SM thetop quark decays intb+W~ 100 of the time ¢ t

. . t
A The W boson can decay into two quarks or into a charged q>_ogo_a_o_<
lepton + neutrino; d@t event should therefore have either: -

; f
6 quarks
. ~100% v, q
4 quarks, 1 chargel@ptonand 1 neutrino i
. wH ’
2 quarks, 2 charged leptomasid 2 neutrinos t
In all cases, B-quark jetsare present in the event b
je jet
-jet b-jet== -Jet
e,m jet jet
Dilepton Lepton+jets All-hadronic
(BR~5%, low bkg) (BR~30%, moderate bkg) (BR~46%, huge bkg)
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Jet substructure

A 1dentifyingtf eventstraditionallydone by
associating one object to each final state

decayproduct
Combineobjects to reconstruct eactop

Combinatoricgan becomeaunwieldy
6+ jets inthe alkhadronicdecay modé t

A If top quarks are boostedjecayproducts ‘ —
I NI OEft)\YIuSRsaIﬁj)eJBILBOzyau z0 U_S-R
Largeamount of acceptance can be gained L
for hadronicchannelspusingsubstructure N

A These merged decays can be used in other o —
cases asvell: W Z, Higgs bosons Hadronic oeay:

Resolved
Other

W Boson Z Boson
Decays Decays

Intermediate
_,o/@
2 jets &

Low pr High pr
Roger Forty Collider Experiments 3: LHC physics highlights
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Jet mass

A Computed by adding up constituent particle
4-vectorsandcalculatingthe mass
A ChooseR= 0.8 forheavy object reconstruction
Merged W/Z alF)T - ZOOGeV Resolved Intermediate Merged
0
Merged top atpr~ 400GeV 0<. |

< " Top Tagging | 0.16
S - CMS Simulation
o [ QCD Dijet

300
e Vs =7 TeV = 0.14
3
e

m;,, (GeV/c?)

250

o e S r A
300 400 500 600 700 800 900 500 600 700800 500
t
Py (GeVic) p*' (GeVrc)
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Advanced techniques

A Jetgrooming algorithmganimprove

the discriminatiorbetweenQCD and

top quarkjets: removesoft and
wide-angleradiation fromwithin jet

A Can also lookiside the jet for the
expectedsubstructure

TopRS Ol & subjfts o
W/ZIHRS O & subjéts H
A A guantity called Mubjettinesss a

measure ohow consistent a jet is
with hypothesizechumberof subjets

Boosted Top Jet, R=0.8

6
' am
L S Ee
.
o sll-m -0
.
5
45 ~-
0 0.5 1 15

Boosted W Jet, R=0.6

-0.2 0 02 04 06 08 1
n

Soft Drop

efficiency

Stop when
poth subjets
it ft
Deciuster - I::;; %
teratively criterion
—
. ; ? ? 13 TeV 13 TevV
3 0.18 cms i3 cMs ' '
< 0 16*Simularion Preliminary — top, 470<p <600, 100% | < 0.25Simuiation Preliminary 7
* UL AKO8, flat p_, — Top, 600<p <800, 100% | — Top, 470<p_<600 GeV, 100% -
Pp - Top, 800<p.<1000, 100% ABINatD . m — Top, 600<p. <800 GeV, 97%
0.14} q>=20, 25ns - Top, 1000<p, <1400, 100% 0.2<u>=20, 25ns  ----Top, 800<p <1000 GeV, 99% —
o QCD, 470<p, <600, 96% AR(tQ) < 0.6 -+ Top, 1000<p, <1400 GeV, 95%
0.12- i QCD, 800<p, <1000, 97% | (t.g) < 0. QCD, 470<p <600 GeV, 96% |
-+ QCD, 1000<p, <1400, 96% | QCD, 600<p, <800 GeV, 96%
0.1 0.15} ----QCD, 800<p, <1000 GeV, 94% |
QCD, 1000<p, <1400 GeV, 90% |
0.08 |
0.1 &
0.06 !
1
0.04 . 0.05--" * " o
0.02 i : : ol .
00 100 200 300 400 50C 100 200

mgp, (z=0.1, B=0) (GeV)

Ungroomed Mass (GeV)
1 CMS Preliminary Simulation, Vs = 8 TeV, W+jets
[ ! s ‘- - -
[ st
-
[

0.8 —
— “ merged jet efficiency
0.6+ single CA R=0.8 jet —

i AR (W,Jet) < 0.1 ]
0.4 I ¥ resoclved jets efficiency |
B S — two AK R=0.5 jets
B AR (qglet) < 0.1
0.2 -
[ s
=

L1
400

o0
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Top crosssection
A First measurement of the top Q>WL<I T q>w2m<'
pair crosssectionat 13.6TeV s C T :
[bfirst new result from Run 3 .
o, = 8871 (stat + syst) = 53 (lumi) pb

A Combination of fivehannels:

ey, ee, Uy, e+jets ptjets

A The measurement is
agreement withpredictionsat
next-to-next-to-leading order
(NNLO) in perturbativ®CD,
Includingresummationof the
next-to-next-to-leading
logarithmic (NNLLgoft gluon
terms usingfOR+ v2.0

Inclusive tf cross section [pb]

—
o
o

'q,‘

Theory prediction: 921723

7 pb

| T | T T T | T
v Tevatron combined 1.96 TeV (L < 8.8 fb” 1)

m CMSep7TeV(L=5f"

O CMS l+ets 7 TeV(L=231")

~ v CMSalljets 7 TeV (L= 354fb)
o CMSen8TeV(L=197")
| & CMS l+jets 8 TeV (L=19. Eiib)

E ¢ CMSalljets 8 TeV (L= 184fb1)

C % CMSep13TeV(L=359M")

[ # CMS alljets® 13 TeV (L= 253fb)
+ CMS t+e/p 13 TeV (L =359

[~ % CMS IHets 13 TeV (L= 137 o)

— @ CMS leptons® 136 TeV (L=12fb")

* Preliminary

= NNLO+NNLL (pp)

T | T T T
e CMS combined ey, I+|ets 5.02 TeV (L = 27.4-302 pb” )

| T T T
CMS Preliminary

| T T T
Sep 2022

700F

900f

800F

4

E—— NNLO+NMLL (pp) 73 T3 gVs |_TeV] n
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
p rog ram CMS PAS Tm—012 10 E_ N?PSES_DI, m(:) = 1?’;_5 Gev, cr.s(l'v'l )=0.118 £ 0.001 [ o, (M )=0.113] E
_ ] | ] ] I | ] ] ] | ] ] ] | I ] ] | ] ] ]
2 4 6 8 10 12 14
Vs [TeV]
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Single top production

A Probe of thewtb interaction
with no assumption on the
number of quark families or
unitarity of the CKMmatrix

A Different production

mechanismszt-channelis
dominant, thenWt (which

both required a b quark from

the sea) and finallg-channel
(which requires an antiquark)

A All agree with predictions

102%

Single top-quark cross-section [pb]

Roger Forty

E T T T
[ ATLAS Preliminary
i Single top-quark production

nnnnnnnn

! I s-c[hanns! zofm'nn 756 016 228 L
8 9 10 11 12 13
Vs [TeV)

Update with
13 TeVresults

Collider Experiments 3: LHC physics highlights

o [pb]

s-channel

t-channel

e.g.t-channel selectioniepton + MET from W,
two jets¢ one jet btagged, the other forward

=1 IR L L L L I L I L L L L
- ATLAS + CMS Preliminary  TOPLHCWG Sep 2014 7
L. X /_,\ _

0P Single top-quark production ,a—o///{ t-channe
— Wi 3
10 T e
1 =
E ~ NLO+NNLL, scale ® PDF & a, uncertainty, MSTW2008nnlo =
- PRD83(2011)091503, PRD 82 (2010)054018, PRD 81(2010) 054028 —
L B ATLAS arXiv:1406.7844 ® CMS JHEP12(2012)035 —

1 O ATLAS CONF-2014-007 O CMS JHEPO6 (2014)090

10 E B ATLAS PLB716(2012) 142 ® CMS PRL110(2013)022003 E
E O ATLAS CONF-2013-100 O CMS PRL112(2014)231802 E
= ¥ ATLAS CONF-2011-118 (95%C.L) O CMS CMS-PAS-TOP-13-009 7
B * LHC Wt combination, 8 TeV N
1 0-2 - CONF-TOPQ-2014-06, CMS-PAS-TOP-14-009 —]
=il T T NN ENIR NI NI (S NI ST N R .
2 3 4 5 6 7 8 9 10 11 12 13 14
Is [TeV]
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Top mass

A Fundamentalparameter of theSM, affectgheory predictiongor
exploring Higg$®oson properties andearchingor new physics

A Topquark is colour charged and does not exist as an asymptotic state:
the value ofm, extractedfrom the experimentsdepends on the
uKSQNBuAOIf RSUYAUOAZ2Y 2F GKS Yl
renormalisationschemeadopted: pole massor runningmass

A Relating the mass extracted based Monte Carlsimulation and the
(theoretically welldefined) pole mass is subjectén uncertainty of
~ 1 GeVgomparable to the present experimental precision

Example:templatesin the leptonjet final state channel

> RESUARSSAE PSRN KRR PR ' lllllllllllll -1 T T T
D E ATLAS Prellmlna . \s ~7TeV data > 0.024 e
s 600 * [, m_=172.5 GeV] & o022 Q.TLAS, Prellmlna;yv [ ] M, = 1675 Gev >
g F J Ldt=4.7 fo' B single top ] E 0.02 imulation, \s=7Te ﬁ R s ':|
[ o P W +jets q4 & top -
2 500f 1 & 0.018 >
) - : Z +jets ] 3 0.016 D m,, = 177.5 GeV 99
400 WW/WZ/Z2Z g B :
B QCD multijet i N~ 0014 O
Uncertainty g 0.012 =z
5 0.0 S|
/% s < o
}—\
W
o
=
(o]

......
......
......

£30 140 150 160 170 180 190 200 210 22! 140 160 180 200 220
mige® [GeV] migs” [GeV]
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Top mass (2)

A Alternative approaches investigated to measure the top mass:
e.g. extracting it from the measured top cressction

A All values consistent, world averager, = 173.34 0.76 GeV(0.4% precision)

Rev. in Phys. 1 (2016) 60

arXiv 1406.5375
summal ,621.96-31-6\/ Oct. 2015 =w= CDF results == D0 results Contributions to &,,: —_ L LA DAL N B BN AL N R IR
rntnp ry =&= ATLAS results =®= CMS results stat MC and IES Det.Mod. E— 350, ATLAS —_— ﬂimmﬁ:ﬁgm.mw—_
* = Prelfiminary <4, mpprideemt 4 G wgm combinations ) theory @ others é '- ______ 2;:: ﬁﬁiﬁ uncertsinty ]
= - — — — T 8 300'_ . —— NNPDF2.3 NNLO ]
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Top production asymmetry

A At the Tevatron(pp) topquarks are emitted 6
preferentially in the direction oincoming P o— ??A_
t
B E

guark, antitop in the direction ofncoming
anti-quarklhforward-backward asymmetry

A Inclusiveasymmetries measured usirg5 fb?
exceededSM predictions by &

A At the LHC (pp) the initial state is symmetric
but there is a relate@harge asymmetndue
to the difference in rapidity distributions

top LHC top
anti-top anti-top

Tevatron

> >
d d

At = N(Dy>0)- N(Dy<0)  _ N(D}y{>0)- N(D|y|<0)
® N(Dy>0)+N(Dy<0) ~° N(D}yi>0)+N(Dly|<0)

Prediction: ~ 6% ~ 1%

mg> 450 GeV

———1
D@, 5.41b™ 11.5%6.0

e
CDF, 5.3fb™ 26.6+6.2
S. Frixione and B.R. Webber,

JHEP 06, 029 (2002)
L b b by

-10 0 10 20 30
Forward-Backward Top Asymmetry, %

ATLAS+CMS (s=8TeV
#s=m QCD NLO (+ EW NLOQ), Phys. Rev. D 86 (2012) 034026 —t—e—
=:=+ QCD NNLO (+ EW NLO), arXiv:1711.03045 stat total
ATLAS, lepton+jets 0.0090 = 0.0044 = 0.0025
Eur. Phys. J. G 76 (2016) 87,
L,=20310"
CMS, lepton+jets it 0.0033 + 0.0026 = 0.0033
Phys. Rev. D 93 (2016) 034014,
L= 19.6fb"
ATLAS+CMS H—O—H 0.0055 + 0.0023 = 0.0025
LHCIopWG
1

PRI B S N S SR S BN RN RN TN PR N SN ST R N

-0.02 -0.01 0 0.01 0.02 0.03

A

P

[HDiscrepancy not confirmed
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2. Flavoumphysics

A Top is the heaviest quark bat(i R BaSranyz€ ihe next heaviest are
beautyandcharm with a rich hadron spectrum + interesting weak decays

A Crosssection for bb production at 1%eV s,; ~ 500nb, charm even higher
HEnormous production rate at LHC: ~22i6b pairs perear
(muchhigher statistics thamhe earlierBfactories)
Sy < 1% of inelastic crossectionhbackground from notb events
In addition,all b-hadron species are produce®’, B, B, B., L, X

A LHClis the mainLHC flavouphysicsexperimentc ATLAS and CMS also
participate but mostly via lepton triggerand poorerhadronidentification
LHCb runs at lower luminosity, to limit pileup for precisientexing

A Need to measure proper time of B decay:

pp interaction

t= mB L/ pC (primary vertex) 1'E+
and hencedecay length. (~ 1 cmin LHCD) L
A Alsoneed to tagproductionstate of B, i.e. K-

whether it was B or Busecharge of Iepton / bhf‘?‘_f_‘?‘_’ ............. <§ 2
or kaon from decay afther b hadron in event ,/ \
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Parity violation

A The strong and electromagnetic interactions consefy@and T
A e.g. pion decay via the electromagnetic interactigd- g dout notg g g

Initial state: C( ) = +1 o .
Final state: C( ggJjl3j= <1 gé(uu_gd)LEO,S:o Cé(?g: : +1
Clg9g-1)«-1 o '

A The weak interaction violate3arity Nobel prize 1957 (Yang, Lee)
Parity Transformation Experiment of Wu (overlooked for prize) = A

J:( j_Q PolarisedCobalt60 atoms
N

undergoingb decay
This world "Mirror* world v O —_— Vg Q‘)

A Neutrinos ardeft-handed, while | ’ - bl }
antineutrinosare righthanded c \ s
[bperhaps the weak interaction Y CP

conserves the combined
operation,CP? v QL e (l)
e'g C-:(p+- an) :G(p- i mﬁR) Notol|)served Observed
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CP violation

See lectures of Matthiadeubert

A Weak interaction appeared to conserve CP until the experiment of
Christensoret al (1964): Nobel prize 1980

KOL_ p+p- pO (CP — 1) BR = 3% (Cronin, Fitch)

K- p'p (CP=1) BR =2 10° I'bCPviolation observed
ABRK - pen)=19.4686 > BR{, - p*e ) =19.3%

unambiguously differentiates matter fromntimatter: relevant tobaryogenesis

Aln Standard Model, CP violation arises from quark mixing
2 S]] SAISyaulusSa IFNbB | aNeRul

0 SRE
Weak charged current ~ (u, ¢, t) (1 —v5) v, (d' . w-
S'
b' Vs C
where ' (v oy 7)) V = unitary CKM matrix
o N V“b d (CabibbeKobayashMaskawa
;, T Ve Ve ]SD lts elements givéhe weakcoupllngs
Ve Vs Vo between quarkflavours

Nobel prize 2008 (KobayasMaskawaNamby e
Roger Forty
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Unitarity Triangle

A Unitarity of the CKM matrix gives relationships ~ "w/w VaV
between rows and columns:SV; V, =0 |, K)
A One of these relationships has terms of similar size: Vg Vi
Vud Vo +VeaVen +Vig Ve =0 ! Rescaling by, V'
[btriangle relationship in the complex plane (p.m)

A (33 3) CKM matrix has 4 independent parameters:
3 angles and one natmivial phaselHCPviolation

T only present witl?¥ 3 generations, and at present is the .
onlyknown source of CP violation in the Standard Modeb, 0) (1,0)

A CKM matrix observed to have a hierarchy of elements
Parameterized expanding in powersCdibibboangle: | = sing.° 0.22

( - " ] Parameters I(, A, r, h)
. - - . A° 0.8, measuredbleaves
] - r andh to be determined
. = ) h 02 CP violation

d s b
Matrix is quite diagonal for quarks (unlike the equivalent mixing matrix for neutrinos
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Indirect searches "

L7~ Loop
b Ll Ly diagrams
A Flavourphysics observables have sensitivity 3 *"’Q“ff<“ Penguin
to new particles at high mass scales via _ “"};»

their virtual effects inoopdiagrams

T T S
ALoopRA I NI Ya keAduitdzROSF )\L@d@&‘u vv‘?‘ W ﬂBo Box
2 NR S Nbox o $602 y R 2 NR S N .Bm.ab\&] Y &

5SOlFeéa gAUK2dzitregé221LJa o601y 26Y a_ a

: Tree
diagrams) expected to be leaffected W, diagram
A Penguin wasamed by John Ellis X b . T ]
oezdz Oty lal KAY gKe KS OK2asS uKlLa ylI
and contribute toFlavourChanging ESPP Briefing Book
Neutral Current (FCNC) decays ke > > v, AR o
. e M- o= 3 =
b > not possible at z 10° 5:.m TR L5
: 5 10 5 T g § J10*
s— S tree level INSM 310 2 5 e
10° I i “*ﬁrﬂg;\éﬁigw
A Boxdiagram is interesting as it allows w 8 1LSS g“IDDDD“ii
a particle to transform into its antiparticle SOEEETTE SR

" - S" = = A . . rObservable PR
I_b IJ d ZII y u d ZY Y O K I' y. A O I- f Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimens'mn?
six i i

operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for ==

. EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
b etWe e n States (al SO S e e rio r n e utrl n OS & n e u t ro n S) trate the reach of direct flavour-blind searches and EW pl‘ecision measurements. The operator
coefficients are taken to be either ~ | (plain coloured columns) or suppressed by MFV factors
(h 1 hﬁII d surfaces). Light (dark) colours correspond to pmsen t data (mid-term prospects,

Tuding HL-LHC, Belle I, MEG II, Mu3e, MuZe, COMET, ACME, PIK and SNS)
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Flavouroscillation

A Neutral mesons oscillate
between their particle and
antiparticle states vighe box
secondorder weak transition

A Frequency ofhe oscillations
depends on mass difference
Dm between the weak
eigenstates.q.” | V| ?for B°

A Expressed in terms of
dimensionless parameters:
frequency x=Dm/G
width differencey=D &G

A Oscillationshave now been
observed forll of the species
Patternobserved consistent
with SM expectations

Roger Forty

Probability to decay as particle/antiparticle

08

06

04

0.2

b A\ d
B¢ J t W t b B
K® (1956) B? (1987)
[ x=094 | F x=078
y=099 y <0.01
D° (2007)
L x=0.009
y =0.008
- x 1000
M
0 1 ) 3 40 1 2 3 4

Proper time (I't)

(scaled to average lifetime of particleh/G)
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Osclillation results

A Measurement oBB; oscillations
iIn LHCb withB,- D, p*channel—

A2 2 NI R (plécisﬁnrﬁ arXiv:2104.04421

Amg = (17.7683 £ 0.0051 4 0.0032) ps~*
A Prediction:
G%‘ 2 2 2
AM, = @ﬁBmBq(BBqFBq)MWSO(mt)Mq‘

A Non-perturbative hadronic factors
can be estimated by solvigCD
on a discrete spacéime lattice
usinglLattice gaugdheory

. _ _ B° mixing with J/ Kg
A For B mixing this gave first clear ;o
(indirect) evidence that the top "o ==
quark mass was heavy e S
2. _ 1.52 —f of + —] 0
AM; = 050)ps - | LB2EB, mt(mt)} { Vil 1[m8] % -oat
AT BRI 000Mey | 170 Gev | 8821073 [0.55 AR i,

arXiv:hepph/9704376
Roger Forty

PLB 192 (1987) 245

0 1
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0.01

.008

.006

DX mixing measured with
+A+
Kp'prdecays— |, _ (395+050) , 102
(46777) x 1072

y

T T
j:l Current world avg.

b | Current world avg. + this pap

€T

LHCb

1
0.004

PR1127,111801

s bl
0

|
0.006
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Unitarity Trianglestatus

A Many of the measurements made of hadrons containing threulrk
can be presented as constraints on thaitarity Triangle

A In addition, CP violation measures the relative Ty

phases of the matrix elemenf$measure the

(o]
wl \ O ol

angles(a, b, g), depending on the decay B d d K§
eg. B> JyK? ol /t SAISyadl adSo 5S0lI &

NgoS/ Depends on phase of& oscillation: arg(V,y) - angleb

| Y Triumphant agreement!
- _\g sin 26 | a&Ams Constraints on the apex of

: - the triangle from alflavour
R AL results areconsistent
- | The Standard Model

| description of CP violation
5 / B appears to be correct
| | 1 | |

04 -02 O0 02 o04 06 o8 10 (atleastto the leveltested)

p
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B* — Dn*

Bt 4 DK*

IO a IO Slg a S -Boﬁ(poxﬁmﬁ)hx -BE_)DOKiﬂq:

Bt 5 (D* o D)kt [ Y L Charmless
BE 5 DOhER" Part. reco. mis-ID - Combinatorial
NU p— —
=~ LHCh
.
2 = _
2
- B[] K
£
g -
R4 = o
T T T T T | I |
N LHCb LHCb
3000 — _
200 Bamnlr B[]t -
1000 — _
5000 5200 5400 5800 5000 5200 5400 5500

m( DY) [MeV/cY

A Exampleof ameasuremenshowingclearCP violation:B- DK (depends org)
Manydifferent channels studied, all consistent with the CKM picture

A CP violation also seen @marmdecays for the first time:
AAcp = Acp(D* - KTK™) — Acp(D' = 7ntn™) =(=15.442.9) x 107*  PRL 122211803 (201p
Expectedo be small in Standard Model, observed value is within expectatior
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A B -

Candidates / ( 27.5 MeV/c?)

Rare decays

>*> decayverystrongly

suppressed, but precisely
predictedin Standard Model

BRB. -

M SEOStt Sy
new physics contributions, which
could enhance branchingtio

mm) = 3.7N0.2)3 10°

LIt |

0.4640.15 —
B(BO—> T H» ) = (3 09, 43+o 17) x 107°
A 1 T T ]
n LHCb Prehmmary —e— Daa ]
40 iy 9 bt Total -
" BDT >0.5 == Blouu .
30 —— B'sutun ]
—— Bf—),u*,cry ]
""" B—=h'n" -
20 Xy—huv, —
------ B =" utu i
------ Combinatorial 7
10 -
| — ol M it
1 . . : 1 . , . .
5000 5500 6000
[MeV/c?|

Roger Forty

IJH

O«
10° x BR(By — utu™)

S —e—— — = -——ni

ol

20

15

w t 0
t“ ‘Vn Wi -
b—opJd - W _L_, i ¢
b W
(@]
o=
O
o)
MSSM-LL a
@
=

L0 T

10° x BR(Bs — utu™)
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3. Electroweak physics

A Vectorboson productlon proton - (anti)proton cross sections

Precisiormeasuremenbf T
StandardModel parameters 10 [ o | ok
Test ofperturbative QCD o
Input to PDF fits ot
10° |
A Irreducible background to many ot b
searches where signal events decay to |

2 2 NlopzQaWw3dzasz . {a x 8" > E120)

10" B

A Leptonicdecays provide clean samples F
with adequate statistics for performance’ " o T aeE)
measurements

10"
102 [

Leading Order Nextto-Leading Order E
10" 3
Tevatron LHC ' {

10° |

W/Z . [
1z ~ 1z 10° g
, [ wus2012
10' K 1 1 i A B Bl L |
. 0.1

E (TeV)
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Vector bosorneptonicdecays

e,m
. W _ Z
AW signature: ---- A Zsignature: N
Highp-isolated lepton e,m Two oppositecharged e.m
LargemissingE; sameflavourhighp;leptons
_193 T T T T T T ICI\I/IS_ > | T T T T | T T T T I T T T T | T T T T | T T ]
- 36pbt at\s=7Tev 8 —+— Data 2010 (\'s = 7 TeV) J.Ldt—36 o6 ]
> 25 - B o 1_1400_ = ]
& t e wta ]I = L]z ATLAS 1T
0 20 - 4& _,21200_—‘100[) %
P We®en | m o i CentralZ—ee 12
c | B Ewk+t {3 ;1000 19
% 15 B Qcp qg - 1=
5 10: 13 800~ - C:“)
o 10 1% - 1
: 5 o iE
2 5 i g : s
i 400, 1%
. c | ~
. — . = 200 -
> ¢ (X ¢ o %00 ) %
T ACM AR 70 80 90 100 110
0 - 5I0 — 1(I)0 - 150
M. [GeV] M, [GeV]
]
Transverse massly = \/2 prERS (1—cos(gu—¢me)) IH € F NHSZ LIdzNE al

Roger Forty Collider Experiments 3: LHC physics highlights 38



Tag and Probmethod

A Can use the cleai- e*e or mtm
sample to measure lepton selection

Probe Lepton;
efficiencieg(trigger, ID, isolation) # _

Taglepton passegight selection
reguirementsto ensure sample

purity
Probeleptonis unbiased w.r.t.

the selection that wevant to
study

Count how often the probe
lepton passes the requirement
under study Applysame method to data and
simulation toextract a datato-MC
correction factorfor usein analysis

Tag Lepton

A If the statisticsare high enougtthis

methodcan be appliedn bins ofthe oth iked) it
relevant variables ther resonances like-Ji- mm

can also be used for this method
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W- t n

A Tau leptons are an important probe for new physics

processes at the LHC, such as searches for light Higgs

bosons, Supersymmetry or extra dimensions

A Tausdecayto eitheran electronor
muonor into a system ofadrons:
hadronicdecay modes (. are
characterized by a highly collimated jet
of low particlemultiplicity

A Dominant source of in SM is from W
decays; selected usingplationcriteria

A Charge asymmetry measured:
B(W' — thv)
B(W- —17v)

In agreement withprediction 1.43:0.04

at NNLO basedn the variousparton
distribution functions

= 1.55 4 0.19(stat.) 11 (syst.),

Roger Forty

1nt2nOv

others

pile-up

'
aunt # tracks
n core cone

subtract from
iolation annulus

UE

-
Isolation
annulus

CMS Preliminary 2010
Vs=7TeV,L=324pb"

+ Data

—— Expectation

[ IW-—=1v
Zlaco

EZ—-s11
AW —ev
EEIW—-puv

6TO-TTAMISVASINO

=60

g

80
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W production asymmetry

A The dominant processes for inclusivebdson production in pp
collisions are annihilation processasd- W*"and du- W*involving a
valence quark from one proton and a sea antiquark from the other

A Since p miudthe crosssection is higher foud than for du, leading to a
clear charge asymmetry1.421 4+ 0.006 (stat) 4- 0.032 (syst) ~arxiv:1312.6283

HERA | DIS + CMS W production

aom|

x-(g=0.05)

2 - m2
Q°=m}

CMS NLO free-s fit
exp. unc.
model unc.

parametrization unc.

xu,

<10° CMS, L=47fb"at\s = 7 TeV «10° CMS, L=4.7fb"at\'s = 7TeV
> 40 T — T T T T T T T T T T T T T T > T ~ T~ T T T T T T T T T T T T T T T
8 [ (a) W'—ut*v, 0.00 <l <0.20 8 [ (b) W—u'v, 0.00<ml<0.20
E 30 s N."c_ —-Data - E 30 + Data - 1
c B 3 % W—pv = Wopv :
e ¢t : mQcD e ¢t Pl mQcD ] x
IT. s 1 1 @ ool o R ]
20— s . DY—=puun 20~ o 5 DY—pp R |
Es MEW+tf ] - MEwW .+t 08 I
C . ,n"" x-(£x0.05)
10 — '.'. ", — L
L ..' !! -ﬁ\\; 0.6
0 F
% 1ok Data . MC (stat) MC (slal ® syst) (S) 04 _
"y
E WMW o
8 08 3 0.2
0 20 40 60 80 100 0 20 40 60 80 100
E: (GeV) E; (GeV) — .
10 10
~ 20million W candidates! e

A Can be used to improve knowledgepﬁrton distribution functions (PDFs)
{ dzOK 2 RSOFl

Roger Forty
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W mass

A Aiming for uncertainty ofO(10 MeV) on a my, , M, andm, relatedvia
mass of ~ 80 GeV, 1@.01%precision radiativecorrections:
precisiontest of theSM

(update from %t lecture)
% 0.481

A Statistics are not the issue, but systematics
from modelling missing neutrino and PDFs

A ATLAS were the first to publish a
W mass measurement at the LHC

A UsedSMWO mn6MWO en
W mass obtained from template fits
to p{ andtransverse masg;

A Z0 |l used for lepton energgnd
W recoil calibration

A Result: m,, = 8 0 3 RD(stat)N1 I(exp syst)N1 4model syst)MeV

Experimental gstematics Modellingsystematics

A
[ ! | ]

Combined | Value ‘Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total
mry-ph, W, e ‘ 80369.5 | 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 185 ‘
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