Standard Modell_ﬁ?:cluding Top) at

Reinhild Yvonne Peters
The University of Manchester

MANCHESTER Herc
1824 Clisteutses

Established by the European Commission



The Large Hadron Collider

- Proton-proton and heavy ion (Pb+Pb) collisions

- pp collision Run I: 2011: 7 TeV; 2012: 8 TeV

- pp collision Run II: until end of 2018 with 13 TeV
- Special runs: 900 GeV, 2.76 TeV and 5.02 TeV
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MANCHEGIER The Large Hadron Collider

Proton-proton and heavy ion (Pb+Pb) collisions
pp collision Run I: 2011: 7 TeV; 2012: 8 TeV

pp collision Run II: until end of 2018 with 13 TeV
Special runs: 900 GeV, 2.76 TeV and 5.02 TeV

LHC Fun Facts:

27 km ring
~100m under surface
1232 dipole magnets

Magnets getting cooled to 1.9K
— colder than outer space
— LHC: coolest ring in the universe!

09.04.2019 Yvonne Peters



MANCHESTER The LHC Experiments
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MANCHESIER More LHC Experiments

MoEDAL LHCf

wis W17

UL16

LHCDb MoEDAL

s

LHC - B CERN
“nﬂoml 8 -

. Paint 1

JP.Corso 22.05.2008
“5g Point 2

*
o I

'-

g Profons measured af CMS Experimental Area (IP5)

Leading Pri
-220m & -147m from the CMS

TOTEM Exper!lm en“' Leading Protons mao;ured o"

+147m & +220m from the CMS

09.04.2019 Yvonne Peters 5



MANCHESTER

All Experiments

ATLAS & CMS: general purpose detectors
LHCb: forward spectrometer
— focused on b & c physics

ALICE: study heavy ion interactions
— quark-gluon plasma

Smaller experiments:
Totem: forward detectors (around CMS)

LHCf: forward detector (around ATLAS)
— both for forward physics

MoEDAL: near LHCb

- Search for magnetic monopoles

09.04.2019 Yvonne Peters



MANCHESTER

All Experiments

- ATLAS & CMS: general purpose detectors -
- LHCb: forward spectrometer ot
— focused on b & c physics . S
- ALICE: study heavy ion interactions —mR R
— quark-gluon plasma
- Smaller experiments: e e e o bR
Totem: forward detectors (around CMS) pre e
LHCf: forward detector (around ATLAS) B 2 rrasomme sty ]
— both for forward physics az— E E
MoEDAL: near LHCb S 5o = mim E
- Search for magnetic monopoles % “0F E
'
- All quite interesting % L

o ol o oct

This talk: focused on ATLAS & CMS Month in Year
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NS The Standard Model

Standard Model of Particle Physics:
our best current description of matter and its interactions

Since 2012: technically completed with the Higgs sector

What are “standard model” measurements?
Measurements of free parameters of the SM

Measurements of standard model processes
- Scrutinizing the SM to find hint for new physics

09.04.2019 Yvonne Peters



MANCHESIER The Standard Model

- Standard Model of Particle Physics:
our best current description of matter and its interactions

Since 2012: technically completed with the Higgs sector

- What are “standard model” measurements?
Measurements of free parameters of the SM

Measurements of standard model processes
- Scrutinizing the SM to find hint for new physics

- What are “standard model” measurements in this talk?

Everything above

- Minus Higgs sector (see Trevor’s talk)

- Minus “flavour” sector (see Sneha’s talk)
- Minus everything not done at LHC (e.g. neutrino sector, g-2,...)
Given it is one talk and not whole conference: selected topics only

09.04.2019 Yvonne Peters 9



MANCHESTER SM Measurements

- Start big, go small

Standard Model Production Cross Section Measurements Status: March 2019
o) AQ total (2x)
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- Theory
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MANCHESER SM Measurements

- Grouping
Jan 2019 CMS Preliminary

Lo | —]
o) ]
o = EW d Vv b @ 7 TeV CMS measurement (L<5.0 fb™) .
Reed -1 —
N - N @ 8 TeV CMS measurement (L<19.6 fb™) g
© . ( d 0S0 ) @ 13 TeV CMS measurement (L < 35.9 fb™) 3
>n jeﬁ’g - Thgory prediction 7]

- m 2 £ Z CMS 95%CL limits at 7, 8 and 13 TeV
;n jet(s) ?:

|

— — —_ —_
o o (@) o
N w E=N (6}

T llllm'l T l]llml T IIIII"] T Illlml T IIIIIIII T Illll"] T llllml T Illlml T llllllll TTIT

1

107"

Production Cross Section
)

1072
107

| N
I
;
+
| |
—e
1
1||11|u] |11||u,|l |||||1u,| Lol

T 1 _ 1T T T T 1 TWBF .l 1T T 1 1
qaW qaZ WW qaWyssWW qaZy qaWZ qazZ o My tZg HZ ty W titt ggH qqH VH WH ZH ttH tH HH
EW: Woslv, Zl, I=e Th. Ao, in exp. Ac

—4
| | | I I | I I | I I |
10 'W|ZIWy'Zy|WWIWZ'ZZ|EW ew o lew Tew Tew 'ew Tew WVy Zyy Wyy tt t, tWt

All results at: http:/cern.ch/go/pN;j7
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MANCHESTER SM Measurements

- Grouping

Jan 2019 CMS Preliminary
'8_ 1 5 - . @ 7 TeV CMS measurement (L<5.0 fb™) :
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All results at: http:/cern.ch/go/pN;j7
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Electroweak and Vector Bosons

Precision electroweak measurements: test of the SM
Several new studies of vector bosons
Test of gauge symmetry and search for anomalous couplings
- VV production: WZ (cross section and polarization)
- VBF: EW W production
- VBS: Same sign WW, WZ

- VVV production:
WWW, WWZ, WZZ
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q q' q/
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New Vector Boson Measurements

- Measurement of WZ production E [ e | 2
Measurement of gauge boson polarization e ‘aw(’f

. Observation of electroweak VBS WZ production =~ =~ 7 |

- Observation of VBS same sign WW production 10 ”

. Measurement of electroweak VBF W production , —

. Measurement of 4-lepton invariant mass spectrum: ———=

- Search for anomalous electroweak Y s =

gap
N:
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VVV Results

- VVV production sensitive to triple and quartic gauge couplings

- Deviations from SM: can provide hints of NP at higher scales
- Complex analyses

Consider different signatures
Good estimation of backgrounds crucial

New analyses by ATLAS and CMS

09.04.2019 Yvonne Peters 15



MANCHESTER

VVV Results

- New CMS measurement of WWW production

- Result: 34% of SM prediction

owww = 1732575 fb

Prediction: oywww =509 +13fb
« Interpretations

1. Limits on anomalous quartic
gauge couplings

2. Limits on axion-like particles
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CMS-PAS-SMP-17-013
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MANCHESTER

1824

VVV Results

First evidence for production of 3 massive vector bosons by

ATLAS
WWW and WVZ

Usage of BDT in WVZ extraction

- Split into 11 signal regions
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https://arxiv.org/abs/1903.10415

VVV Results

- 40 evidence for VVV
- Measured cross sections in agreement with SM prediction
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o o oS8 2 E?TL?ET V, 79.8 fo! $ Data i
stat. &omb-foat- tot st E, 10 s=13TeV, 7981 By (u-1.38) _E
WWW 2¢ ‘' ed M=224 4% 03 - - [_] Background E
: 10°L 7/ Bkgd. Unc. _|
1 +054  +0.49 g E
WWW 3f @1 : H=047 -0.47 —0.44 E E
: +0. +0. 10°E
WVZ 3¢| e-— i n=-0107%5 0% B E
1 — .
1 — -
Wz a0 | o 4 u-244 3% 0% e J
1 [
: +0.39 +0.25 B 7
Combined (X w=138 g% oo _ 1= e E
| 4:_L | | | | :é» o |
0 2 4 6 8 o i
w = oVW/GW § ] . - e . B

log (S/B)

arXiv:1903.10415

09.04.2019 Yvonne Peters

18


https://arxiv.org/abs/1903.10415

Top Results

- Top quark: heaviest known elementary particle

Decays before hadronization

Study of strong and electroweak interactions

And searches for new physics (FCNC, resonances, MHDM)

So far mostly compatible with SM predictions

effective study of “bare” quark

Many measurements of cross sections and properties ongoing
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Spin Correlations

- Top quarks: decay before fragmentation
Spin information preserved in decay products
Hadron colliders: top quarks produced unpolarized, but

New physics could induce polarization

- For example: new physics can cause forward-backward asymmetry
— more left-handed top quarks

Correlation between top and antitop quark can be measured

09.04.2019 Yvonne Peters 20



Spin Correlations

Measured spin correlation can change
Due to different decay

Left-handed +
coupling +<C> /  q H+ -
t W

O o

g ¢ g t
?
é —
g t . L
Spin correlation: test full chain from production to decay
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MANCHESTER
1824

Highest spin analyzing power: leptons form top decay

Use dileptonic tt events
- Very clean samples

Use Ay between both leptons

Analysis Strategy

No kinematic event reconstruction required

Full tt event reconstruction for my
For example neutrino weighting in ATLAS

Correct for detector effects

Parton and particle level distributions

09.04.2019
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- Both ATLAS & CMS: fitted spin correlation higher than expected

Measured Distributions

ATLAS: 3.2 sigma from SM prediction of Powheg MC

CMS Preliminary 35.9fb" (13 TeV)
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40 10203040506 070809 1

CMS-PAS-TOP-18-006
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More measured distributions

- Result caused interest in field - new theory predictions

- NLO+EW agrees better with measurement, NNLO (but no EW
corrections) worse again
NLO+EW: large scale uncertainties
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Double differential cross section:

. More “direct” spin correlation measurement: 78

1 d?c 1

o dcosB,dcosB, 4

Other Measurements

normal to production plane t

=—(1+ (aP),cosB; + (aP),cosB, — CcosbH,cosH,)

a: spin analyzing power of decay product

0: direction of daughter particle
wrt. chosen quantization axis

P: polarization and C: spin correlations

Spin density matrix elements

Challenge: requires full event reconstruction

ATLAS &CMS:

Unfolded distributions extracted

09.04.2019
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- All spin-density matrix elements measured

Other Spin Measurements

More to do to improve sensitivity

ATLAS

Spin correlations

C(k.k)

C(n,n)

#JHEP 12 (2015) 026 result = (stat+del) = (mod)

c(r,r) ——o——

{s=8TeV-20.2fb"’

0.296 + (0.072) + (0.057)

0.304 + (0.038) + (0.047)

0.086 + (0.075) + (0.122)
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Spin correlation
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—=— NLO calculation

—+— POWHEGV2 + PYTHIA8
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35.9fb" (13 TeV)

result = (stat) = (syst)
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kk v
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Con ht%—+  0329x0.012+0.017
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Spin correlation

. Still more to do to understand the riddle of tt spin correlations!
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Heavy Ions

- LHC collisions: p+Pb, Pb+Pb, Xe+Xe + high-multiplicity pp
Heavy Ion programme, mainly with Pb-Pb
2017: few hours of Xe-Xe collisions

Main goal of heavy ion collision programme:

understand quark gluon plasma i
=, 0_16_— pp 13 TeV p-Pb5.02 TeV  Xe-Xe 5.44 TeV Pb-Pb 5.02 TeV—_
> C 0 v,{4} ¥ v {4} O v,{4} .
0.14— | VA4l Vo4 *vi4), ®vi4),
C 0 v,{6} 0 V,{6} ¥ v,{6} O v,{6}

0121 A(iCE Prefiminary 0 V,{8) ¢ vof6l
‘ 0.4F 02<p <3.0GeVic o V(8 E
- mi<08 ]
£ 006 | | $¢+ =
( l e 0_04__+*ﬂ+¢j+ i
y / C i,
A 77_// ‘*V 0.025— pp, p_ b -

T 0
N, (Il < 0.8)

- Also possible to use heavy ions as generators for “"photon beams”
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Light-by-Light

- Process yy — yy: forbidden in classical
theory of electrodynamics
Boosted protons/heavy ions: source of quasi-free photons

- Flux scales with Z2 per beam -> Z4 total
— Cross section strongly enhanced in heavy ion collisions

- Studied by CMS and ATLAS in Pb+Pb collisions
Ph Ph® ATLAS

S N

I,//Oi? - Wi L \ /

09.04.2019 Yvonne Peters
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MANCHESTER Lig ht—by-Lig ht

- Extraction of cross section in small region of photon acoplanarity
Aco = (1 —|Ap/m|)
- Latest measurement by ATLAS (1.73 nb! data): Observation of
light-by-light scattering in ultraperipheral Pb+Pb collisions
o =78 + 13 (stat) + 8 (syst) np (Prediction: ¢ =49 +5np )

Pbe390 Hb-1(5.02TeV) 8 50: IIIIIIIIIIII | LI I LI | LI | IIIIIIII 4
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g 14 I oLy y — vy (MO) 2 40 Pb+Pb \sy, = 5.02 TeV E
= CEP (gg — v v) + other bkg S 5
o 12 [ ] QEDyy —e*e (MC) W99t —e- Data 2018, 1.7 nb’" ]
o 30¢ [_]Signal (vy - vv) =
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20/
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Aco
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- All interesting to

Understand QCD
Constrain PDFs better

Understand boosted topologies

Steady progress towards more detailed
understanding of QCD and improved

boosted tagging

High top pt

Low top pt

09.04.2019

QCD Measurements

Various analyses of jet substructures and jet topologies!

35.9 b (13 TeV)

T
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AR Summary

SM measurements: active, diverse field of research

Precision measurements: way to go to search for new physics
Model independent
Usable for theorists (unfolded distributions)
EFT interpretations possible

Many new sensitive results
- too many to squeeze into 25 minutes!

Exa m ples Shown : THE STANDARD MoDEL : IT HAS To BREAK DowN

AT SOME POINT JUT JusT KEEPS CHUEGING ALoG !

First evidence for production of 3 massive vector bosons e
- Sensitive to non-Abelian gauge structure of the SM

Spin correlations in tt = trying to solve the “riddle of A¢”

Observation of light-by-light scattering - LHC as photon-collider

- Expect more “let’s break the SM” fun with Run III soon!
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MANCHESIER Boosting algorithms

Boosting algorithms important
Higher collision energy — more events can be boosted

Production of heavy particles — decay products can be boosted
— results in boosted regimes

Low top pt High top pr
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