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@“I Introduction
7\

Precision measurements at hadron colliders
Hadron colliders are ‘messy’, but can still do relevant ‘precision’ measurements
Precision can mean a few % (cross-sections), or even <<1% (W mass)

Not a complete overview of all precision measurements at hadron colliders, but
showcase a few measurements in some detail

Also illustrating some of the ‘foundations’ — e.g. object calibration, luminosity and beam
energy measurements

Examples mainly from ATLAS, and from CMS, a few Tevatron comparisons

Lecture 1

Introduction, W and Z final states, luminosity, parton distribution functions (PDFs)
Lecture 2

Electroweak mixing angle, W mass, jet measurement and jet physics

Lecture 3
Top physics — (differential) cross-sections, top quark mass
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Outline of lecture 1

Introduction

Precision measurements and the electroweak fit
The experimental environment

Comparison of LHC, Tevatron and LEP

W/Z cross-sections
Importance of fiducial measurements
Calibration of lepton efficiencies and scales — role of m,
LHC luminosity measurement
Parton distribution functions
W/Z cross-section results
Results and constraints on PDFs

Thanks to Gautier Hamel de Monchenault for some diagrams ...
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_,“I Why precision measurements?
7

LHC is primarily a ‘discovery machine’ — explore a new energy regime
Found the/a Higgs boson, what else will we find...?

Can also perform precision measurements within the Standard Model

Improve on measurements of SM parameters

E.g. W vs top quark vs Higgs masses

E.g. a, in different processes, electroweak mixing angle sin?6,,
Study QCD dynamics at high energy, test QCD calculations

Improve knowledge of proton parton distribuiton functions (PDFs)

Test QCD with multiple high scales

Understand the physics of the top quark (the heaviest, and strangest quark)
Study the properties of the Higgs boson

Test SM predictions for very rare processes

SM physics also forms the backdrop to any new physics search

Essential to fully understand background (particularly W/Z+jets and top) in order
to search for new physics

SM physics processes (particularly W and Z decays to leptons) provide ‘standard
candles’ to understand and calibrate the detector performance
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Testing the consistency of the Standard Model

Electroweak parameters t
2
B miy - 2 WV\/\OWV\I‘-
P = m-—?;z 0052 Ov =1 S%’V =1- z—g (= sin?Ow) W b W
Physical observables modified by radiative H H

corrections at the % level AT A
p=1+Ap MZ =m? (1+ Ar) sin®65 = s3,(1 + Ax) ZIW Z/WN ZIW Z/W
Ar,Ap, Ak = f(m:2,In(mpy),...)
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Major achievement of LEP — what can LHC add? \ ve (GeV)
_ : 0f_3
Mass measurements, but also asymmetries... atthe Zpole:  Apy' = A Af
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7
Comparison of measured and fitted electroweak parameters
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Parameter Input value .Frec Fit Result w/o XP- input
in fit in line
My [GeV](®) 125.14 + 0.24 yes 125.14 +0.24 9372
My [GeV) 80.385 + 0.015 -~ 80.364 + 0.007 80.358 + 0.008
T'w [GeV] 2.085 + 0.042 - 2.091 + 0.001 2.091 + 0.001
Mz [GeV] 91.1875+0.0021 yes  91.1880+0.0021  91.200 + 0.011
I'z [GeV] 2.4952 + 0.0023 - 2.4950 + 0.0014  2.4946 + 0.0016
0¥ 4 [mb] 41.540 + 0.037 - 41.484 + 0.015 41.475 + 0.016
RY 20.767 + 0.025 - 20.743 + 0.017 20.722 + 0.026
A% 0.0171 + 0.0010 —  0.01626 +£0.0001  0.01625 + 0.0001
A ™ 0.1499 + 0.0018 - 0.1472 +0.0005  0.1472 + 0.0005
sin?0i5 (Qrp) 0.2324 + 0.0012 —  0.23150 = 0.00006 0.23149 + 0.00007
A, 0.670 + 0.027 -  0.6680+0.00022  0.6680 + 0.00022
Ay 0.923 £+ 0.020 —  0.93463 = 0.00004 0.93463 + 0.00004
AV 0.0707 + 0.0035 - 0.0738 +£0.0003  0.0738 + 0.0003
A%E 0.0992 + 0.0016 - 0.1032 + 0.0004  0.1034 + 0.0004
R? 0.1721 + 0.0030 - 0.17226 10-00009  0.17226 <+ 0.00008
R) 0.21629 + 0.00066 -  0.21578 +0.00011 0.21577 + 0.00011
173.34 £ 0.76 yes  173.81 £0.85(V) 177.0753(%)

LHC/Tev [| ™ [GeV]

LHC/Tevatron: m,, (and my, m,,,, asymmetries also interesting
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W, top and Higgs masses

Impressive consistency of the direct and indirect determination of masses
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Important in particular to measure m,, better (but already 4m,/m,,,=0.02%)
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The physics landscape at LHC

proton - (anti)proton cross sectiol

LHC is a W/Z/H/top factory 10°
But it is also a jet / b / soft interaction factory  10°
Rates for nominal LHC, 13 TeV, L=103*cm2s-1 10’

Tevaétron iLHC

10° 5 10°
Process Rate @13TeV 1
10° : 10° ™
Inelastic pp collision 10° Hz 5 o
: : 10° | 100 &
b-quark pair production 106 Hz - ; . O
Jet production, E;>250 GeV | 103 Hz ¢ "
5 ~ l !
Wolv 104 Hz g o 5 o S
Top-quark pair production 10 Hz 6 10 : ) 2
10 : 100 o
Higgs (my=125 GeV) 0.1 Hz - e 2
. . . 5 . 8
Interesting processes — a needle in a haystacke g 0T
Limited to recording 102 - 103 Hz of events 10° f 10° 3

Trigger selections based on high-p; electrons, 10°
photons, muons, taus, jets, E;Mss 10° [ M,=125 GeV{ 10°
Cannot record all W—lv events 10° ver 10°
Control of trigger biases is crucial o D i gy
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The LHC experimental environment

5 ' amasonieluminosty ]
High pileup complicates precision % ™ = \r}
. = o O Vs=7TeV, [Ldt=521" <u>= 9.1
physics measurements g 120 E
£ 100 =

Additional pp interactions in same 3 s- = AR A AR RNE

bunch CrOSS|ng and |n nearby % 60— E 250~ ATLAS Online, \f§=13TeV|:I JLdt=51.9fb —

@ C =5 L 2015: <u> =135 |

) ) x 40:— § r [ 2016:<u>=24.9

bunch crossings for slow detectors  =- N SN EE

] . . o i I i, PN RS B == 150; {

<u>=~20 in run-1, higher in run-2 U e Nemborof racions o ool | ;

g’ 100j —

Effects of pileup g E

Deterioration of jet and E{™ss e BTN -

0 10 20 30 40 50 60

resolution, additional pileup jets
Higher trigger thresholds

Additional jets from pileup
Misidentification of primary vertex

Pileup-dependent efficiencies,
even for leptons

Pileup mitigation techniques
Particle flow (jets, E;™ss, isolation)

Jet-area based pileup corrections 20 cm
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Comparison of LHC with LEP and Tevatron

Samples of W, Z and top-pair events at the different colliders

LEP Tevatron LHC
Particles ete p-pbar pp
Vs (GeV) 88-209 GeV  1.8-1.96 TeV  7-13 TeV
Int. L/ expt 200-700 pb'  2-10 b 5-300 fb-"
Typical <u> <<1 ~1-10 20-40
# W—lv /expt 10k ~1-2M 10M (in 5 fb-")
#Z-ll/expt 0.5M ~100k 1M (in 5 fb1)
# ttbar / expt - 10° 107

LEP e+e- collider

Very clean e*e” events, Ws only produced in pairs, full event reconstruction,
limited data samples, no top quarks

Tevatron/LHC

Larger samples, pileup and underlying event, no complete reconstruction, tops
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Z—uu at LEP and LHC

Runtewvent 4093: 4556 Date 930527 Time 22429CtrkiM= 2 Sump= B6.8) EcaliM= 5 SumE= 1.6} Hocal{M= 4 SumE= 4,00

Ebeam 45,858 Evis 90,8 Emiss 0,6 Vix ¢ -0,08, 0,08, 0,36} MuoniM= 2 Sec Vix(N= 0} Fdet{N= 0 SurE= 0,00 f
Bz=4,350 Thrust=0,9399 Aplan=0,0000 Oblat=0+6110 Spher=0,0003 e [ AI I AS
rd ."'/- ‘\_‘ .

EXPERIMENT

Run: 26

510 20 50 GeV

Centre of soreen is ¢ 00000, QLo000,  0.0000% T 11 |
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Z and W cross-section measurements

D2 »
Vs/2 = ‘
d(er) + 2(@) 7" /Z - £ e=mz . _ Q@ 4y
1,2
D1 \/§
Vijp —= a

fq(l'laﬂ’% = Qz)

assume p; along
Boson rapidity is correlated with parton x,, x, — gives information on proton PDFs
Studying both Z/y*—I*I- and W—lv allows disentangling quark flavours
Experimentally, very attractive process:
High p(>20 GeV) leptons easy to trigger, identify offline and measure precisely
Low backgrounds (dominant process giving high p; leptons at LHC)

‘Standard candle’ for calibration measurements
Z has two leptons and the Z mass is precisely known from LEP
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\ /Z—ee and Z—uu event samples
N s o

b < )

Large cross-section: o(pp—Z) X BR(Z—I)=0.9nb at7 TeV, X2 at 13 TeV
Final ATLAS 7 TeV analysis (4.6 fb'') has 1M Z—ee and 1.6M Z—pupu
Pure samples — <1% backgrounds from Z—tt, dibosons, top and QCD multijet

> ‘ | | I I ] I I | I I I | I I I | I I I | | i I | [ E
) ATLAS —4— Data . % ]
9__ 106 Vs -1 N\ total (stat) 3 G 6 ATLAS § E)?;?(Stat) i
= s=7TeV,46fb [ 27 oee E — 10°:=V(s=7TeV,461b" ] 27 o E
€ Z > ete [ Multijet - € Z -t W 7y - i
G>') 105 [ tt+singletop = o 5 HoH ﬁv inale t -
L Bl 7y - - 0 10 5 Digjs";i: v
- ] Dibosons N 10° [ Multijet i

=

3 : 10° 183

10 E B

- (Q\

: 10° ©

2 <

10 >

10 x

©

1 0 I EIR I T E T PR R I T T T O TN T S O R ] ]
60 80 100 120 140 7760 80 100 120 140

Mee [GeV] 4 [GeV]

Define total Z/y* cross-section in a mass window, e.g. 46<m ;<150 GeV
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More Z—ee and Z—uu event samples

Even small samples (<100 pb-') lead to 104-10° Z—Il event samples
Inclusive cross-section analyses do not need the full data statistics
Early analyses done with both Run-1 and Run-2 data

3 CMS
% 105 §l—l T I T T TT I LI | LI | T 1TTT ‘ T T 1T | T 1T | T T TT | LI | T IE > ><10 T I T T
o [ eDaa Z—e'e 1 8 10 L=18.2pb",\s=8TeV
< [ [IMC Stat. ® Syst. Unc. ATLAS 1 9 101 PO, NS =816V
w A" . - -
2 10° g [JZoee 13TeV,81pb" = — [  ——data i )
= ~ [ Diboson 4 & 08K Z—up —
L - [OZ-t't 4 € - i -
10° = [@Top quarks = L%’ B 4 i
= § 0.6 ]
- . - 4™
102 E I 1S
- . ﬁ 0.4 # + — <
§ N N 1N
10 =3 0 A 13
w 8 02 - i * ] Z
1 :I 1 I 1111 I 111 | I | - I 1111 I 111 | I 1111 I 1111 I 1111 I 111 I-|= g B ”‘. ” . 5
ol I I ‘ I I = b eestassssssste®eos’ .’”ﬂ’.m o ©
o 1._1| ol 9T e 15 O ﬁ
~ 1 _r'__ =1 =] $ ¢ ¢ ¢
;5 0.8 I PR S |

Mee [GEV] ]
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Total and fiducial cross-section definitions

Measurement of total cross-section from event counting in mass window
ot=(N-B) /(e L)
Efficiency ¢ includes both the lepton identification efficiencies ...

..and probability of event to satify kinematic requirements for detector acceptance
E.g. pr>20 GeV (trigger, reconstruction) and |n|<2.5 (coverage of detector)
Acceptance calculation needs a MC simulation model — uncertainties can be large
Alternative of fiducial cross-section — ‘measure what you detect’
Split efficiency ¢ into an acceptance A and recon effiencicy C; e=AXC
Define a fiducial phase space at particle level: p;"9>20 GeV, |nf9|<2.5

MC,rec
fid,e(u) ~ Nwiz) — Bwiz) Nwiz)

- = CWiz) = —iCeenid
W—re(u)v|Z—ree(uu)] CW|Z| « Liny leg’?m'ﬂd

Advantages — avoid extrapolations into unmeasured phase space
Can make use of updated acceptance predictions once they become available

Disadvantage — acceptance calculation moved to theory (prediction)

Need to calculate pp—Z—Il with decay kinematics (at NLO, NNLO), not just pp—Z
Becomes challenging for more complex final states, e.g. top-pair production
29th August 2017 Richard Hawkings 15
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Events / 1 GeV

7\

1000

800

600

200

400

Lepton efficiency measurements

Z—ll (and J/Y,Y—ll) used for tag and probe efficiency measurements

One tightly-identified lepton (tag), other with just a subset of requirements
E.g. loose track+calo match for electron, ID track only for muon
Z-mass requirement ensures probe sample is still dominated by real leptons
Efficiency of requirement under test can then be calibrated on this pure sample
Need careful background subtraction in the sample failing the requirement
Compare data and simulation results to derive correction factors for simulation

19.7 b (8 TeV) 19.7 b (8 TeV) CMS 19.7 o' (8 TeV)
LA L L > L B B L I s > T — T B
~e-Data 1 -~ Data 4 2 I S |
— Signal + background fit CMS 5 290 — signal + background fi CMS-| 5 rof S .
-+~ Background component 1 — 1golt = Background component = E - ¢z¢=
7 ~ W o
— Barrel - £ 1e0p Barrel - -
- 10<p. < 15GeV S + 10<p, < 15GeV r
i T > 140 . 06— R
- Passing probes 1w r Failing probes B Multivariate selection n| < 0.8
= . 120 - C | |
a) | . b) - 0.4 .
100F - i ; i
E : L c) —+4-Data -
] 80— -] 0‘2__ o : 4 Simulation DY ]
S0 E ool b i
— 40'_ .......... A 5 1.2E ; ; ; r -
Co T ] T A SNNNUN SN S
- s =] E : : i i
. 20— * i g 10 R el
i ek ik o oL TT TS PRPUNN AU TR WU WAL FO TS AT T M B L | | | | | n :@ 0.9
L1 1 1 L1 1 | ) I L1 1 1 L1 1 1 N - © - : |
0 70 80 9 100 MO0 129 g 70 80 90 _ 100 110 120 O o8t e T N 2
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@ Lepton efficiency measurements — continued

Typically achieve sub-percent precision E OF ATLAS | | 2011 Datae- 7ev,[ Lat- a7
For lepton p; close to those in Z decays I . o wese i o
e e e 0l 4 1 electrons! Medum! 1
More difficult at low p+ 8§ 1 (Mo i 0 i Tem b S
5 : D 1 14
JIY,Y—ll harder to trigger on, poorer S/B SRR ‘ e ::orr
R AR Y- S S S P I3
More difficult at high p; T T P S e A
L : E e Total 0 o 1088 i8S lo 32
Run out of statistics beyond Z-peak region - o Stafistical| L0 15
. ) o Systematic i
And relatively more background at high py : : : : : : : :
. . . 102 I1|0| - ]1|5] - |2|0| - 2|5 . ISIOI - 3|5 - I4[Ol B 4|5 - ]50
Extrapolation with MC-based inputs £ (Ge]
:
Becomes important in top-quark analyses &  Famas Muons __ Medum muons
> 512'—* > [ Vs=13TeV,3.21fb" g
g E ATLAS E 3 70005"; Ifsrf:ngeV ot = = Jiyoup Z-pup g
% 4; 13 TeV, 81p0 E S\é GOOO; tT_>e‘Ll . Data!201l5 = § ;_ ------ Et;gll;lgcr?f#dre ;:J(;:gc;lcfus:ée o
C -e-Data 1g F [ tf Powheg+PY c F eesuee Signal L. (D)
3 MG Stat. @ Syst. Unc. —| T %%F == - s 2 C e Statistics (MC) Statistics (MC) o
F |:|Z_ae’e' . 4000 f_ ] Diboson (1>) | pRELLLE Statistics Statistics O
r [l Diboson ] E mm Mis-ID lepton E = E weunns Total — TOtal ~—
* Qz-ve El b R = N S 2
1 [ Top quarks 20002_ inr%)g+H\;\rl++ o —; oc ->3
F monf— % @®
C L !
E’, 11..% | g 1i— [ Stat. Uncert. '_:l;r::::;} r";i
% 0'3 ' - ”"_ " 40 60 B0 100 120 140 160 180 203
a 02_40 80160 Electronp_r [GeV] | oo ] I L I L 1 L1 )
2oth Algust 281 p? [GeV] Richard Hawkings 6780910 20 30 40 506047 10

P, GeV]



Lepton energy/momentum calibration

Z—ll samples (+J/i,Y—ll) also used for electron and muon energy calibration
For electrons, typically ‘bottom up’ cluster calibration+detailed material model
Final in-situ corrections using template fits to Z—ee data in bins of electron 7|

For muons, scale and resolution depend on ID alignment, muon chamber
alignment and drift time calibration, magnetic field map, material, ...

In-situ corrections using Z—uu template fits in bins of n and ¢
Typical scale uncertainties are below 10-3in relevant p; and n ranges

3
% ;1.03‘ T T T T — T .: % SOOX1O LI B R B LN B AL R LA B AL B
8 o5p ATLAS 40ma 3 S 450E- artLAS . Vs=8TeV, J-Ldt=20.3 for
3 E \s=13TeV,2.7 b o —MC = =4 400 : 8
g 07 s pr_§ ;"(;t(ul:‘::;; = 350 —$— Calibrated data o
g e yeh "3 @ 300 ---- MC, uncorrected LO
c - - =
" E 2 ggg —MC 5
3 E <
i My dat_a VS. E 50 3
- simulation [ E 100 >
"oE E 50 X
s E R =% ©
= = g 3
O o o 3
e M o E
g 1'1;_:+¥ . P3 et --'"":-"::E.:':;;E =+‘_f % ; e — _.%
I 1 TR __&?m?ﬁ%.wwagt ...... * *ﬁ ..... §J+i o 0950 o el e 7S
a 0.9E E 0.9 =
0.8 - = : ; y ’ : v . v v =
£ o o o o 3 g 80 82 84 8 8 90 92 94 96 98 \1/ 00
My, [GeV] Me. [GeV]
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How do we know m?

m., determined from Z-lineshape at LEP gl | ﬁ._1 ot
Total cross-section for e*e-—hadrons vs Vs DE A | \ §
Measurements at peak and 6 off-peak energies 30 | AL %
Fit to model to determine mZ, I', and %, 4 | R

6 years of data-taking, 10 years of analysis... 20 /5 :5)-)_
my = 911875+ 0.0021 GeV (0.002%) o ﬂh?#t.;'wa;’faﬁﬂffmt;f <

Uncertainty dominated by energy calibration : Y/ X
Based on technique of resonant depolarisation 86 T *-5«’-“;2- -
Spin precession frequency of electrons ) E., [GeV]

E[MEV] E [MeV]
¥~ 440.6486(1)[MeV] L E .
Wait for polarisation to build up due to synchrotron p_:é L + bt
radiation, find frequency of a depolarising magnetic field ‘“@ ' a
Many corrections to translate to physics data, e.g. = 05) ]
Lunar tides change the radius of LEP/LHC tunnel ol :
Return current from electric trains (TGV) ! 4
Only at LEP1 — polarisation too weak above 100 GeV BT REr—
29th August 2017 Richard Hawkings 19
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W—ev and W—uv samples

7\

W selections also require the use of E;™s to measure the neutrino p+
Cannot fully reconstruct the W boson mass as the neutrino p, is not measured
Use the transverse mass my: mr = \/2p$pf;ﬂ“(l — cos Ag),

Extract signal from E;™ss or m+ distributions, cut and count or shape fit

Significant background from QCD multijet events; ~10% in W—ev, ~5% in W—puv

3 CMS x10°

> 10)(1'()] . T T T r r T - - - > _[ll|||||TI}|||||llll||IlllllllllllllTlll_
& - L=18.2pb",\s=8TeV 2 - ATLAS —4— Data ]
p N O - P 389 total (stat) .
N —— data N 500[Vs=7TeV,4.6fb ] Woev 5
@ . Woev. % - WH S ety ] Muttijet .
= - B EWK+t r= - i
] B B QCD S 400 ] W—:‘rv b
o 6 . tﬁ Bl z/y —ee

300

L]
tllllllJ\tIlIIIlIlI

™ i i

N L i

o L i

S C _

4 N = -

S L i

= - i

2 : 200 o

3 | ;

© 100 B

R 'Y S SO, N o ]

2 0 éﬁ*ﬁ+‘+”ﬁ.,'qg"””ﬁ‘# ¢ LB RILIVIIIL T
L] — —— r— —— - 40 50 60 70 80 90 100 110 120

0 20 40 60 80 100
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W—puv and W—ev event displays

I CMS Experiment at LHC, CERN
CMS || Run 133874, Event 21466935
/// Lumi section: 301
| ?/__:_// Sat Apr 24 2010, 05:19:21 CEST o
= » - ~e
Electron p = 35.6 GeV/c /’ \\
ME; = 36.9 GeV _ '
My =71.1 GeV/c? I‘ XY
@Y
. 4
i _-‘ - - D ’ X
; = g
) 4 o ' 1]
i a7’ |
e e - ? <l
.\.. e 'aq/ ', = =
Pl ‘- (=3 /mn - ]
“w A= L
teh

Very little pileup, but still see tracks
from underlying event accompanying

ﬁ% AT L A S pr{iﬁ; - 40 G;,\f; Events from early 2010

EXPERIMENT E miss= 41 GeV

M, =83 GeV the W boson production
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Backgrounds in W (and Z)

b {

x10° -
> Frorr e

: : $ 900-ATLAS - Data E

Backgrounds W|t_h pror_npt leptons (mainly top) g 00, f5=7Tov, et S waEm

evaluated from simulation 2 ool W e = TN
] ) . . . . ) - No m, requirement

Reliable simulation of physics and selection efi. 600" ; Nonisol 7

. e 500L . Non-isol. -

Backgrogr.\ds f.rc.)m QCD multi-jet more difficult o electrons -

Jet misidentified as electron or muon due to 3005 = E

b/c hadron decay (b,c—e,u) 200t E

Hadron mis-ID as lepton (EM-like shower, K,t—u) 100 3

Electron from photon conversion T

Hard to model in simulation, uncertain jet x-sec ET'® [GeV]

Rejection factors of ~10° from lepton ID and isolation §300003_W  ATLAS E
cuts — cannot simulate enough events 3 k. o Tev. 8 pb’ .
225000 .. N

Measure backgrounds from data control samples s j? ¢¢<} ...... -
E.g. invert lepton isolation or ID cuts and fit £ N %“ﬂr ------------- 5L E

. . . z Tt ]

background in a control region close to signal 150001 :

E O @ my, calo. isolation
C Om p'T, calo. isolation
O A

Shapes in signal region are distorted by relaxed cuts g0}
my,, track isolation

Fit in different slices of isolation or kinematic variables
and extrapolate to signal region [ % % pl, track isolation
- Opened: Fﬁ"ss, closed: m_fit regions

1 1 _lllll IIIIIIII IILIJ‘JJIIIIIIIIIIIIIIIIQOLLJLIJI:
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Uncertainties in W/Z fiducial cross-sections

Systematic uncertainties on ATLAS 7 TeV precision W/Z fiducial x-sec

dow4 dow-— doz 00 forward Z

7] %] %] %]
Trigger efficiency 0.03 0.03 0.05 0.05
Reconstruction efficiency 0.12 0.12 0.20 0.13 ~—
Identification efficiency 0.09 0.09 0.16 0.12 8
Forward identification efficiency — - - 1.51 o
Isolation efficiency 0.03 0.03 — 0.04 g
Charge misidentification 0.04 0.06 — — S
Electron pt resolution 0.02 0.03 0.01 0.01 S
Electron pr scale 0.22 0.18 0.08 0.12 >2
Forward electron pt scale + resolution — — — 0.18 E
ET™* soft term scale 0.14 0.13 — —
ELS soft term resolution 0.06 0.04 — —
Jet energy scale 0.04 0.02 — —
Jet energy resolution 0.11 0.15 — —
Signal modelling (matrix-element generator) 0.57 0.64 0.03 1.12
Signal modelling (parton shower and hadronization) 0.24 0.25 0.18 1.25
PDF 0.10 0.12 0.09 0.06
Boson pr 0.22 0.19 0.01 0.04
Multijet background 0.55 0.72 0.03 0.05
Electroweak+top background 0.17 0.19 0.02 0.14
Background statistical uncertainty 0.02 0.03 <0.01 0.04
Unfolding statistical uncertainty 0.03 0.04 0.04 0.13
Data statistical uncertainty 0.04 0.05 0.10 0.18
Total experimental uncertainty 0.94 1.08 0.35 2.29
Luminosity 1.8
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J Luminosity measurement — principles

Luminosity from a single pair of colliding bunches, rotation freq. f.:
T inel O vis
Measure counting rate per bunch-crossing p,; for any lumi-dependent signal
Hit rate in a detector, current in a calorimeter, number of tracks/clusters ...
Poisson fluctuations in p,;, becomes saturated if p>>1

Calibrate o, from accelerator/beam parameters in dedicated low-lumi fills
L = Jening. o = pMAX T Zxy
Y57 T g

Absolute luminosity calculated from number of protons per beam (n1,n2) — bunch
currents, and size of the overlap of the beams X,, 2\ in x and y planes

Dedicated ‘van der Meer’ fills with larger beam sizes and well-controlled conditions
Many luminosity-dependent sighals employed
Forward Cerenkov counters, diamond beam conditions monitors
Need to have deadtime-less readout, independent of high-level trigger
Calorimeter photomultiplier and HV gap currents — integrate over all bunches

Pixel cluster counting and track counting
29th August 2017 Richard Hawkings 24



& L0 A B B B B
. . — ATLAS o Signal
Scan beam separation in x or y plane |  Sional bkg. subt._
Determine beam widths X, X, = o o, ventOR am T, & Noise + aftergiow
Determine maximum count rate g, MAX = e " E
T2 10 ) o =
Measure bunch currents n, and n, from = 2 " :
- . . -3 I e —
precise LHC instrumentation (DCCT) 10 I o
O(1 min) per scan point, many scan points, 10 .N,,,o*ﬁ’f? _sadbgy BI\S@H__—;
(x,y), repeat scans... oSE &g & ; R %3 4% ]
Several days dedicated beam time g6 ['le Hz}l Lo ‘Hh‘t
. . -0. -04 -0.2 2 4 .

Many complications 06 -04 -02 0 02 04 086
. _ _ Horizontal beam separation &, [mm
Absolute x/y displacement calibration SR S
. - - Fill 3311 .
Use beamspot movement in tracker A 150E  wacis ATLAS -
Beam size (emmitance) growth within fill 1450 v oopar =
. - O BCID 121 .
Satellite bunches, ghost charge 140 ogoip 16 E
: : F i % "
Non-Gaussian beam shapes, tails 135¢ ; : : E
‘b A 130 0 =
Non-factorisation: overlap # 2,2, b —— ]
Check with ‘off-axis’ scans - B offset E
: o 120F =
Beam-beam kicks, bunch-bunch variations R T T N T R TV SRR

29th August 2017 Richard Hawkings : ';5
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Luminosity measurement — transfer and stability

o 1.04—— S - 1

_2 4 ~ 5 - ATLAS .

vdM scans done 1-3 times/year, <u>=1 S 03] o8 Tev E

Calibrate each detector/algorithm o 8 . ok E

i i £ F v :

Extrapolate to physics environment ER . N ST E

<u>=20—50, even higher soon P S

Higher counting rates, non-linear effects, - VoWl TR S

I : 0.99— v v W" ¥ " =

bunch trains, detector ageing - v, ]

. . .98 e BCMH_EventOR/BCMV_EventOR v =

Check consistency of different methods 098" ] LuciD EventaLLUCID. EventC } ]

. . P N I R N SR
Typically agreeing at ~% level after lots of Maror Mayoi Julol  Aug3l Oct3l Dec3

effort, corrections several % N —— U

Differences evolve with time, can be pileup _."5’1.0152— ATLAS + <1Pixel Holes

dependent 3 1ol Vs=8TeV " Vertex Associated

Which algorithms do you trust most? = E

; Y most: 005 bBlA, Leindre

E.g. two track-counting selections with the T 5 =

same detector diverge at 2% level 09osE E

ATLAS mallnly used BCM an'd Lucid, CMS 0.99F- E

pixel counting and FCal for final run-1 results 0.985E W “W‘ #WW E

Additional approaches being explored at run-2 - | | T
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Luminosity measurement — final uncertainties

Final uncertainties on integrated luminosity O(2-3%)
Tend to be dominated by calibration transfer to high-L, rather than vdM scans

ATLAS 8 TeV pp — AL/L=1.9% CMS 8 TeV pp — AL/L=2.5%
Source Uncertainty [%] Systematic | correction (%) | uncertainty (%)
Reference specific luminosity 0.50 : Stabilit 1
Noise and background subtraction 0.30 o : EEI: i F . . -
Length-scale calibration 0.40 O | Dynamic inefficiencies - 0.5
c Absolute ID length scale 0.30 (7)) ;"'LftEl'E,lL‘.IW ~ 2 0.5
O  Subtotal, instrumental effects 0.77 % Fit model . y]
@ Orbitdiifts 0.10 +="Beam current calibration - 0.3
o Deam-position jitter 0-20 Ghosts and satellites 04 0.2
‘— Beam beam corrections 0.28 c b h : - —
©  Fit model 0.50 Ie) Length scale -0.9 0.5
O Non-factorization correction 0.50 "c_g' Emittance El‘ﬂWth -0.1 0.2
=  Emittance-growth correction 0.10 E Orbit Drift 0.2 0.1
‘O Bunch-by-bunch consistency 0.23 = Beam-beam 15 05
> Scan-to-scan consistency 0.31 8 - - -
Subtotal, beam conditions 0.89 : D}rnanuc-,ﬁ - 0.5
Bunch-population product 0.24 % Total I I 25
Total 1.20 > o .
T T ST C.f. Tevatron A.L/L—6.A>, from coun.tlng
van der Meer calibration 1.2 I’ateS Wrt tOta| Ine|aStIC CFOSS-SeCtIOH
E Afterglow subtraction 0.2 . . . .
"(7) Calibration transfer from -scan to high-luminosity regime 1.4 Lattel’ |nfe rred from Ine|aStIC/e|aStIC
cC Long-term drift correction 0.3
E Run-to-run consistency 0.5 rates’ nOt VdM scans
. Total . | Some measurements normalised to
29th August 2017 Richard Hawkings assumed Z cross-section 27



W and Z cross-section results

. b~ F ®/0 ATLAS/CMSWoh eeuees W (pp)
Results from 7 TeV ATLAS analysis £ w0 musaswon — wen
— i .f : QE;AV?LC?::VH BV e W’ (pp)
Electrons o155 ey [PD] Z 105 w0 oowe i
WT ety 2726 & 1 (stat) & 28 (syst) £ 49 (lumi) ; A T -
W~ e v 1823 £ 1 (stat) &= 21 (syst) =+ 33 (lumi) S [ o0 prenxwo ey g e 8
fid,c L e o
2/ —ee PP T N
Central Z/y* — eTe”  439.5 £ 0.4 (stat) & 1.5 (syst) & 7.9 (lumi) s FT o AT o
Forward Z/~* — eTe™ 160.2 4 0.3 (stat) & 3.7 (syst) &= 2.9 (lumi) - ATLAS —
107 13 TeV, 81 pb™ ;
Muons O-?Tf’iﬁpy [pb] ; (F CT14NNLO S
WT = uty 2839 £ 1 (stat) £ 17 (syst) £ 51 (lumi) : ' —
W~ > u o 1901 £ 1 (stat) &£ 11 (syst) 4= 34 (lumi) 's [TeV]
o gc/i’,:i v [pb] E | ® ATLAS Ziy' oIl weemees Ziv* (pp)
O CMS Ziy*— 1l — Zv* (pp
Z/v* — pTp~ A7T7.8 £ 0.4 (stat) £2.0 (syst) £ 8.6 (lumi) = L o coF 2 com o
— - B D0 Ziy'—ee s
Statistical uncertainties negligible l .
. N - ¥ UA2 Ziy*> ee
Systematics ~1.8/0.6% (e/u) for W and = e
0.2/0.3% (ee/uu) for Z fiducial x-sec X WE e
Plus 1.5-3% on acceptance for total x-sec S - ATLAS
. . . . 13 TeV, 81 pb™
1.8% luminosity uncertainty dominates : ) P
. . . 5 T14NNLO
absolute fiducial cross-sections 107 | ST
1 10

Use normalised distribitions or ratios

_ _ I's EI'eV]
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@N Electron-muon universality
BR for W—e and W—p should be equal ~ 21-0° ATias T
E.w and E y correct to same fiducial def" ; (s=7TeV, 4.6 b
re _ OWSlBy _OWoe  BRW o e) ]
W - - =
fv-l:'jilpv/E“ g-a‘}_mv BR(W - ;lV) %
= 0.9967 + 0.0004 (stat) + 0.0101 (syst) T
= 0.997 +0.010. 3{?
Compare with other measurements L0 ]
m - —
Measurement Rw ~ #pata |
ATLAS pp 7TeV 0.9970.010 0.0 | B Ru LEP &' S W B
CDF pbar-p 1.96 TeV 1.018£0.025 7| MR ERusD e 2
pbarp . © ' - | O Standard Model 1
LHCb pp 1.020+0.019 T T
LEP2 W*W- 1.007%0.019 0.95 1 1.05
R _O'ﬂd + /Gﬁd * + -
7 decays average 0.9964+0.0028 I —ee’ T -
=+ —_
K decays NA62 1.0044x0.0040 Also R,=1.0026£0.0050
7 decays 0.9992+0.0024 Less precise than LEP/SLC:

Electron-muon universality confirmed at <1%

29th August 2017
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Theoretical predictions and PDFs

Calculations available at NNLO in QCD

DYNNLO and FEWZ codes, with additional | ".. Q2 = 10* GeV2
NLO EW corrections (several % for Z) \ '.

Large uncertainties from the proton PDFs
fq(ffzu.tt% = Qz)

(SWD) $007:9D3 1D

1.5

g-l-

xf(x,Q°)

fq(xl-,nu%' = QZ)
assume p; along

Region 10-3<x<10-" relevant for central W
and Z production with |y|<2

Use ‘global’ PDF sets CT10/14,
MSTW/MMHT, NNPDF2-3 from fits to DIS
and collider data (Tevatron +LHC)

LHC W/Z data adds to PDF knowledge P
W*: ud~, us~, (cd~, cs~), opp. for for W- 19 10

Z: uu~, dd~, ss~ (cc~,bb~) —
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@ More on PDFs
ral

Industry of PDF fitting groups, with different input datasets and assumptions

T ome | wwmte | wweorso | Henaporzo |Aswizamue) | corars) | unie [
Hfhl:ﬁ: Hcl'El:r:lI H1 de;sEs 1 HERA I+1I l'::frﬁ‘l HERA I Hc:iil 8
jets charm jets @)

v v v X v JLAB, highx V/ JLAB, high x V/ E

v v v X X/ v X ®)

v v v X X X v 8

v v v X v v v @]

v v v X v X X =

v v v x x x X ?

X v v X v X X %

X X v X X/ X X nd
arXiv:1506.07443 arXiv:1412.3989 arXiv:1410.8849 arXiv:1506.06042 arXiv:1310.3059 arXiv:1212.1702 arXiv:1403.1852 >

HERA ep DIS data is the ‘backbone’ of all modern PDF sets, supplemented by
various choices of fixed target DIS, Drell-Yan and jet data from Tevatron and LHC

Groups also differ in data treatment (e.g. tensions between datasets), theory
calculations used, parameterisation of PDFs vs x,Q?, treatment of heavy quarks
Important to consider uncertainties from a particular PDF set AND predictions

of different PDF sets
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Differences between PDF sets

u, d and g: differences of 5-10% in range 10-3<x<10-1, non-overlapping bands
Strange quark contribution less well-determined

NNLO, @* = 100 GeV? NNLO, @7 = 100 GeV*
K v T rr—— 130 — S——

[#9 NNPOF3O | ' [ NNPDF3.0 '

| up quark %5 CT14 down quar
g P4 R [ 9
e‘g 1.1 ' S 1150
% v
R oL e e e S .
1,05 RS D T ';.;"lm&i ¢.;.“\ - 3
o) e ey )
» »
S0 °

10 10” 107
X

NNLO, @? = 100 GeV*

NNLO, @7 = 100 GeV?

T YTTYYTYT v YT a1

. % NNPDF3.0

| NNPDF3.0

gluon

s (x,Q% /s (x, Q° [ref]

V. Radescu, QCD@LHC 2016. APFEL

0.85 S e" f adal e Addl rdediasal el
N 10* 107 10% 10"

29th AIJgust1°201 7 x Richard Hawkiongs x 32



J W and Z cross-section comparisons

2D plots of W* vs W-and W vs Z make expt. and pred. correlations clear
Most PDFs (in particular global sets) a little below the data for a(Z)

E 3_2 T T [ T T T T | T T T T | T T T T 3 I I | I ! I | T T T [ T T T [ T
L, - ATLAS \s=7TeV,46f" |.S, - ATLAS \s=7TeV,4.6f"
> - ]
= . @ Data i 1 521 ® Data _
+T |k ABMI2 | +|T - % ABMI12 R
2= 2 CT14 22 [ 9 CTw4 -
© 3 (O HERAPDF2.0 - © - (O HERAPDF2.0 ]
L O JR14 4 S __ O JR14 N
/A MMHT2014 i /A MMHT2014 |
¢ NNPDF3.0 | ¥¢ NNPDF3.0 ]
i | 4.8 — —
2.8 — — - i
i 8% CL ellipse area ) - 68% CL ellipse area ]
B |Z| stat @ syst uncertainty 7] 46 N E stat @ syst uncertainty ]
B - stat @ syst @ lumi uncertainty : - stat @ syst @ lumi uncertainty :

2.6 ] | | ] | ] ] | ] l ] ] | ] ] ] ] 1 1 | 1 | 1 | 1 1 1 I 1 1 1 | 1

1.8 1.9 2 2.1 0.46 0.48 0.5 0.52

fid fid N

S\ _ 1 NPl SZy* 1y [NO]
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&

W*/W- and W/Z cross-section ratios

Significant uncertainty cancellations in ratios of cross-sections
W*/W- measured to 0.25%, W/Z to 0.5%, much smaller than PDF uncertainties

W/Z smaller than all predictions

Considerable spread in predictions and their uncertainties with different PDFs

T I T T T
ATLAS

I T T T l T T T I T

T T T I T T T I
ATLAS

\s=7TeV,46fb" —— \s=7TeV,46f" i
—— Data —— Data
stat. uncertainty stat. uncertainty
I total uncertainty I total uncertainty O
*  ABM12 * ABM12
&= CT14 &= CT14 =i
O HERAPDF2.0 O HERAPDF2.0
o JR14 o JR14 ——
A MMHT2014 A MMHT2014
% NNPDF3.0 * NNPDF3.0 ——
1 I 1 L 1 | 1 L 1 | 1 1 1 | 1 1 1 1 1 1 | 1 L 1 | 1 I L 1 1 I 1 1 1 I 1 1 I 1 1 L | 1
1.42 1.44 1.46 1.48 1.5 1.52 1.54 9.2 9.4 9.6 2 10 (4 10.2
fid fid _ _ G | / 6 | -
OW* v/ OW Iy W By ! OZy* - 11
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Lepton rapidity distributions

7\

More information in the rapidity distributions — sampling different x-values

Big difference in cross-section and shape between W* and W-
More up than down quarks in the proton, with larger momentum fractions

Most global PDF sets below the data for both W+ and W (+1 8% Ium| not

o) AL — 480 ;
Q C'shown ! ‘ i o) ]
= g50— ATLAS y _ =r ATLAS W _>| v 1
= [ 's=7TeV,46fb" - £ 460 ys=7TeV,461b" o 525GV
% ] E 440 P, >25GeV
© o ] m; > 40 GeV ]
600 o+ + + % - 420 ﬁ ]
% + %% 400 % =
550 I i ]
B - 380 .
n e Data W+ — I+ v 360 e Data _:
% ABM12 p;, >25GeV 7 * ABM12 o E
500 L &n CT14 Pr, > 25 GeV - 340 = CT14 + _:
~ O HERAPDF2.0 m, > 40 GeV - O HERAPDF2.0 B
- o JR —+—Uu rtainty - 320 Z Js —+— Uncorr. uncertainty *
450 [~ A MMHT2014 il uncertainty ] MMHT2014 s Total uncertaint .
[ NNPDF|3° -L?;icl:sf:::cll%ed (18%) - 300 [ * NNPDFS ,'“Ti”?SiﬁV?"°';&?" 1ee)
© = — & 1.05 L S
AR TR o 5 10 I
— ' L 9 ==
gogsg# 1"’%"*{*%“ T 20.95 A B
Ly (0]
Q < 0 0.5 1 1.5 2 2.5
= 0 0.5 1 = h]||
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W charge asymmetry

==

&

Another ratio measurement: arX|v 1612 0301
a, = dowe/dind —dow-/dindl < 05 apag T el Ten ke
dorw. /dinel + doy- /dinel 0.281 ¢ P b
Expt. uncertainties 0.5-1%/bin 0.26 1 g T e . "#’m
NNPDF 3.0 agrees particularly well 0.04F © o1 }H" E
Already includes W data from CMS 0_223_ i L”;”P”J;";’If "W _f
0.8 rrrrr NS, L= 47 fo7at\ s = 7 TeV -t Uncorr. uncertainty * :
| | | | . 0.2 " Total uncertainty .
@ Py > 206Gt 0.18 =

w*-w
'ﬁ? Lepton Asymmetry -

0.16 'ﬁ?ﬁ P> 25 GeV
0.14 % pT‘v > 25 GeV
PR TR TR A SR T N -

m; > 40 GeV

III|III|II

—e— Data %7

o
N

Charge asymmetry
arXiv:1312.6283

—
=)
2 O

T T T l T T T T | T T T T

B NLO FEWZ + NLO PDF, 68% CL
0.1 5 00’;‘0’0‘.:.‘.:“' S \ CT10
Y NNPDF23
ER]
&\\\\\ [[IT HERAPDF15
B - S MSTW2008
L MSTW20080Pdeut

1 IIIll]IIIIlI |IIIIIIII
00 0.5 1 15 2
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PDF profiling using W and Z distributions

Form a data vs. y2 across all bins of all rapidity-differential cross-sections

. . 2 Nmp.:‘_'..-x Nth_n}'\
ks EXp th exp th
9,7 - Rauy [(TI' —0; (1- Z_,r T,‘j bj.f.‘:lip - ZIE T,'kbk,lh)] + bﬁ + bﬂ
X (bcxpsblh) = Z ) Jjexp k,th
i=1 A; j=1 k=1

y;®® express experimental uncertainties j via nuisance parameters f; .,
V" express theoretical (PDF and other) uncertainties k via nuisance parameters S, ;,
B==1 represents changes in results/predictions corresponding to =10 uncertainties

‘Profiled’ values of g, ,, after x> minimisation represent ‘improved’ PDF
But only if the original distributions are reasonably close to data

x? results for fit to all ATLAS 7 TeV W/Z data ( including | excluding PDF unc.)

Data set n.d.f. ABMI2 CT14 MMHTI4 NNPDF3.0 ATLAS-epWZI12
WT — Ty 11 11]21 10]26 11]37 11]18 12]15

W~ = "o 11 12|20 8.9|27 8.1]31 12|19 7.8/17
Z/~v* — Ll (mypy = 46 — 66 GeV) 6 17|21 11|30 18|24 21|22 28/36
Z/~y* — Ll (mee = 66 — 116 GeV) 12 24|51 16|66 20]116 14|109 18|26
Forward Z/~* — €L (my; = 66 — 116 GeV) 9 7.3]9.3 10|12 12|13 14|18 6.8/7.5
Z/~y* — 0 (mpp = 116 — 150 GeV) 6 6.1/6.6  6.36.1 5.9/6.6 6.1/8.8 6.7/6.6
Forward Z/~* — €4 (me; = 116 — 150 GeV) 6 4.2|13.9  5.1]4.3 5.6]4.6 5.1]5.0 3.6/3.5
Correlated x? 57]90 39123 43167 69]157 31)48
Total x~ 61 136[222 103|290 118|396 147[351 113|159

CT14 best, MMHT and ATLAS epWZ OK, ABM12 and NNPDF3.0 less good
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PDF profiling results

Fitted S, , can be used to generate new profiled PDF, reduced uncertainties
, min (5 =\ | (pmin? (5 + fi — 200\
fo=fo Y o (257 )+ o) ()
k
fy (f) original (new) central PDF, f*, and f, the = variations for PDF eigenvector k
Effect of profiling on MMHT14 sea quarks — increased s-quark contribution

xa(x,Q°)

L Q?=19GeV®  ATL/ 1 < ) LN EL AL L B s = P T — g
o.ez—gﬁm—:ﬁf:r\:ﬁled ATLAS — ri:’: 0.6;— gﬁﬁnﬁie:;ed ATLAS _ %: 0_6;_%:&:“: Eﬁfevi.l d ATLASS . _
0.5 u~sea 4 ~ g5t d~ sea 1% 3 profile :
0.43— _ : E
0.3 _ b
0.2 : :

0.1 : :
e e

Indicative, but not a substitute for full PDF fit with new data...
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Flavour composition of light-quark sea

Full QCD analysis of W/Z data + HERA DIS data to fit a PDF from scratch
Computationally challenging — MCFM NLO predictions + APPLGRID tools to

convolve PDF, fixed NLO—NNLO corrections \/ ’
Neutrino-nucleon scattering (vN—cu) Z
suggested strange sea < u/d sea o) -

Included in most global PDF sets %g\
Ratio of W/Z production at LHC is -
sensitive to strange sea vs u/d sea

R AL L L L AL L I L
Q% = 1.9 GeV?, x=0.023 ATLAS

_sts A ABM12 —a
s = 753 * NNPDF3.0 —=—
e MMHT14 .
rs = 1.19 + 0.07 (exp) “o1; (mod + par + thy) | v CT14 ¥

o ATLAS-epWZ12

C]

Result limited by modelling/theory

Suggests no strange suppression | AT-AS-epWZ16

exp uncertainty
exp+mod+par uncertainty
exp+mod+par+thy uncertainty

[ | — 1 | I | 1 11 I 1 1 1 I 1 1

1 1 | | |
_ 0O 02 04 06 08 1 12 14
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@“I Summary of lecture 1
il

Precision physics is possible at LHC
Can contribute to electroweak fit and other important SM parameters

WI/Z cross-section fiducial and differential cross-section measurements
Clean experimental signatures, Z provides ‘in-situ’ calibration for leptons
Absolute uncertainties (excluding luminosity) of ~1% for W, <0.5% for Z
Luminosity measurement reaches 2% precision at LHC

Benefitting from dedicated vdM scan campaigns (few days beamtime per year)

W/Z measurements provide important constraints on PDFs
Previously mainly determined using DIS and jet data
Leading source of uncertainty in predicting the W/Z cross-sections
Constrain the u/d PDFs in 10-3<x<10-1, unique information on strange quarks

Next ... using W and Z to constrain electroweak parameters, physics with jets
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