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Introduction

Electroweak physics has been a cornerstone of collider physics since
discovery of W and Z bosons in the early 80s

— Higgs boson is an inextricable part of this

The last time | lectured at this school (2011), the Higgs boson had yet to be
observed

As the dataset has increased, focus on increased precision and search for
increasingly rare processes

Rather than trying to cover exhaustively the dynamic landscape of all
measurements, focus on key examples

Also talk about detector performance: results chosen to illustrate concepts,
don’t necessarily represent the state-of-the-art performance

My career at hadron colliders: CDF (Tevatron), ATLAS, now CMS

— [ am also excited to talk about silicon detectors at the discussion sections
Mistakes, opinions, and biases are all my own
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The Large Hadron Collider, CERN
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Colliding protons

« High energies <> small distance scales at the LHC
« Proton is not a point particle: quarks, gluons, even antiquarks
— Most collision events gluon-gluon

« Don’t know momentum carried by individual partons (pz)
— use transverse momentum (p7)
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Rapidity and pseudorapidity (“n”)

Rapidity y is a Lorentz-invariant way to express the polar angle of a

particle
1( Etp
Y 2 (E—p)
E = %ey\/'nﬂ + p2

Lorentz Invariant Phase Space can be written as

CTEQ2011 Schellman

d3
2—5 = d¢ dcosf p*dp = d¢dydpgr = 27rdydp?p

In frame where p, = 0,

5y ~ 66 + O(56)°

equivalent to small variations in the polar angle 6.

For massless particles, the rapidity

reduces to the pseudorapidity n = —In(tan6/2)
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Hadron Collider Kinematics

Muon Detectors E pseUdorapidity

\ s 7= ~In(tan(6/2))
Forward Calorimeters
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Pr = (p.>P,) pr =psin6, E. =FEsin0
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Collider physics units

« Energy measured in eV

— Energy acquired by electron
accelerated through 1 Volt

—> 1GeV=10eV =1.6x1010
Joules

« The rest follows from the
famous equation

E? = p2¢c? + m2c*

— Momentum in GeV/c
— Mass in GeV/c?
— Typically setc =1

e Then work with four-vectors:

p = (E, —DPx Dy —Dz)

Slide inspired by Heidi

Integrated luminosity measured
in inverse femtobarn

Cross sections are measured in
barns (with one barn being a very
large cross section)

— Typical (interesting) cross sections
at LHC are pico- and femto- barns

— That’s 10772 and 10°1°

Quantify “amount of data” by
number of events for a process
with a particular cross section

N = ([ £dt)o so [ Ldt = N/o
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The Standard Model: Theorist View

Fermions and bosons are building
blocks, complexity is in interactions

electron neutrino |, muon neutrino |4 tau neutrino 4
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Hadron Collider Experimentalist’s View

Every particle has a personality P

These make particles o
jets Good energy

resolution

Heavy; distinctive

tdecay to Wb
t
|

Easy ID and I Not so ii
measure easy/ |

Everywhere... so many gluons...
(these make more jets)

We like Ws and Zs: easy to

missing transverse _ ) _
identify experimentally

energy

kid, bit of a
rock star
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How we reconstruct particles
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Charged particle tracking

- Radiation conditions and occupancy (granularity) requirements = silicon
semiconductor detectors closest to the interaction point:

— Strips: charge collection implants run the length of the detector
— Pixels: segmented in 2d detector plane, typical size 100 x 150 um? (current CMS)

« ATLAS (left): innermost layers silicon semiconductor (4 strip + 4 pixel), outer layers
Transition Radiation Tracker (TRT): 4 mm straw tubes filled Xenon, pion/electron
discrimination using x-ray photons from interstitial material

CMS (right): all silicon: 3-4 pixel layers and 8-
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Charged particle tracking

Tracks bend in magnetic field
produced by solenoid

Helical trajectory defined by 5
track parameters

— 2 impact parameters (d,, z,)

= Critical to vertexing

= Performance determined by pitch

and radius of innermost tracker
layers

— 2 angles (6, ¢)
— curvature/momentum p

= Performance determined by “lever
arm”: distance over which
trajectory measured

R-¢ view
momentum ~
1/curvature
azimuthal
angle ¢

N\

--------------------------------- transverse impact
\ parameter d, (at
point of closest
approach)

beamspot
(beam into page)

R-z view

polar angle 0
beam

longitudinal impact
parameter z,
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Muons and magnetic fields

« Muons traverse the entire detector: ATLAS and CMS link tracks in two
detectors, each with an independent momentum measurement

— Solenoid: 2 Tesla, 2.4m diameter (ATLAS), 3.8 Tesla, 6m diameter (CMS)
— ATLAS toroids produce magnetic field with field lines around the Z axis
— CMS uses iron to direct flux return outside the solenoid, concentrating the field lines
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Muons and magnetic fields

Muon detectors track charged particles using gas ionization

— Lower rate and easier radiation environment but need to cover more area

station)

— Position measured by time to drift to wire

RPCs for speed

— E field tuned to operate in
“avalanche” mode

~1 cm resolution

\J

3 ns time resolution and
fast response (vs up to 400
ns for drift tubes; compare

25 ns collision spacing)
CSCs split the difference

— Tolerate higher event rates
in forward region

\J

— 40-150 um resolution per
Station

ATLAS, CMS work on similar principles; CMS described here (1306.6905)
Drift tubes for precision: 200-300 um single-hit resolution (~100 um per
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Muon performance
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Background rejection is a key
feature of muons but harder to
quantify: strong dependence
on details of selection (number
of hits, isolation, etc)

CMS 1804.04528

ATLAS PERF-2015-10

Efficiency

Data/ MC

« Improved momentum resolution for
highest-pr muons

o Efficient reconstruction

— And well-understood: total uncertainty
1% or less

« Calibrated using two-body decays
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Photons, electrons, and ECALs

Electromagnetic calorimeters from high-Z material (i.e. lead) to maximize
electromagnetic interaction

ATLAS and CMS made fundamentally different choices

— ATLAS for background rejection (mr — yy in particular) using segmentation of
electrodes; liquid argon for active material (ionization signal)

— CMS for energy resolution: lead tungstate (PbWO0,) crystals are dense (absorber)
and produce scintillation light (active material)

Cells in Layer 3
ApxAn =0.0245x0.05

I
2 =T Eemme|es
/ Jf' ‘ /

/,
S 16X

«‘ —‘3.
- o Z o
S oo An <0005
|<n =003, ™ Strip cells in Layer 1
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Flectrons

> L e B ) B ] . o
5 0.05° JREERE . = « Combine tracks in inner
= 09 ? % #m*'*_w** - " - detector with clustered energy
0.85 - 14 gm L = deposits in electromagnetic
0.8 q}-} ++ ol - calorimeter
0.75 Al — .
? o ATLAS - « Tradeoff in background
0.7 + Vs =13 TeV, 37.1 fb" 3 ) ) =
E'_}_"'{" Data identification efficiency €, reJeCt|On and eff|C|ency
" S E
0.6 & —&— Tight —;
0 55%. L I I | I I I = s qglzlior (% Xl?%;ig /~ hadronic calorimeter
1.1| .I ..... II ........................................................................................................................... ' '

second layer

AnxAp=0.025x0.0245 calorimeter

)
Z

Data / MC

first layer (strips)

AN NN\ N

0.9 AnxAp=0.0031x0.098
R T T presampler q/
80 100 120 140 1wy (73 layers) \
E; [GeV] \
SCT :
beam axis pixels \
beam spot -

do

insertable B-layer

ATLAS PERF-2017-01 c. mills (UIC+FNAL) 18



Photons
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Photons

« Energy scale (error on the mean): known to 0.1% -- 0.3% for energies

relevantto H — yy

« Energy resolution (width of the distribution): around 1%

10 ™—%

detector paper)

\

A4

//

(7) =
—

Stochastic term

o/E[%]

F

Intrinsic

“photo” : photon

/

|

counting

N
NN

Photo

Noise term:

\\ \\

electronics +
digitization

0.1

1000
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photon energy resolution (from CMS

2
) +(0.30%)>

Constant term:
nonuniform
light collection,
intercalibration
errors, energy
leakage from
back of crystal
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HCAL and jets

« Hadron calorimeter designed to be as massive as possible to stop all
particles, reconstruct hadron showers

_ _ Numbers on rays are n values Number of jets: 10
Plug tile ca'°”metir 06 08 10 12 Number of tagged jets: 4
Iron support girdeN
1.4 thtf: 0-806
: , ended bael ' Turitet2: 0.069
Barrel tile calorimeter tile calorimeter t)r(uetz- .
1.6 Hy: 760 GeV
=1 Gap scintillator {ES- | . H: 639 GeV
g < Cryostat scintillator |~
Barr;f/(/ / =~ .
m and
hadronic LAr
calorimeters

Reconstruct jets using anti-k;

algorlthm’ bUt t.hIS reﬂeCtS our » \ g::? E;T;Z%IJI;O{;:13;}Lniié%%%s,ss 2016 CEST
intuition of localized energy | \ nunEvent 2l e i

deposit from fragmentation and
hadonization of a high-pT quark
or gluon
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Missing Transverse Momentum

Detect neutrino (or other CMS, (¢ e et et s 8124 s cest
weakly interacting neutral) 25\ emmm——

by invoking conservation of
momentum in the plane

MET= 164.0 GeV
transverse to the beam \
FYy Jet
i” %\Ué Wi p; = 81.6 GeV
. ” ?‘}’ §? Electfr,c;n_,
Resolution of unclustered et py=seocey I
part driven by stochastic I Moo p, =53 Gov
effects: scales as \/ZE; ;
.i'
;

piss = - LD I ED Y- S S -

]ets j leptons ¢ photonsy unclustered u
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Building blocks: W and Z

7T S _
|
P
At leading order,
need an antiquark
from the sea f=or g
*or g
Vv,V orq
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W Mass

— Not statistically limited

ATLAS measurement with 7 TeV data (just under 5 fb-1)

« Fitto lepton pt and transverse mass my = \/ngipgﬂssm — cosAgp)
— Kinematic edges at my/2 and my,

— Convoluted with detector resolution,

m myy /2
> X1O? . I N > 220><103 i i
220 L T T T e A B L B B L B
8 s00E- ATLAS - Data 8 oooe- ATLAS -o- Data
Z 1g0E 's=7TeV, 41 ! W ptv o 180E 's=7TeV, 4.1 fo" W ptv
9 160 \:2| Background S 160 z_ |:2| Background
§ 140 x2/dof = 57/59 ; 1 405_ x2/dof = 20/39
o 120 = 120
100 0>-) 100
80 L 80
60 60
40 40
20 20
-o' 1. 02F e e L L L L L L L L e e [ R TT- 'O 1. 02 e L L L L L L L L L L L L L e L L L L L L ST 3
9 1_01¥ ........................ e e et 1 1 § 1 '|' - I R AE 9 0 e o ++|_I_'|' ......
o . 991 §_++++++++++-1-+++++H++++|,{.++++H+H++++H-|-+ T ‘I‘— o . 991 }+++++++'lﬂ:\e|.-.|_|_|.++_i_|_+ eyl ++++++ ............... + -I- £§
_'(E 0:985— ..................... ] S e e .I. {'1‘ .............. = _.(E 0:983_ ........... s e s T S e s _§
‘O" 60 70 80 90 100 110 120 8 30 32 34 36 38 40 42 44 46 48 50
my [GeV] p. [GeV]
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————
-@- Data

« Use Z events to model detector G soooog—f‘;tﬁﬁfv, 461" mzeoo E

. . = ackground T

response, particularly recoil S 20000 E

©0 20000 3

(unclustered energy) 5k -

Lﬁ 15000:— —

— Similar production and 10000 =
kinematics 5000 —

« Sensitive to charm and strange 3 1°5¥TH1£++"'*¥"'#"'# ......... e — B . mﬁﬂﬂz
quark content of the proton o O%Jr P b i

= 095 B 0 A _

— 25% of W production involves § s0 82 B 8 8 9 o2 o4 9 98 100

nd ) m, [GeV]

2"%-generation quark

Channel | mpy+ —mpy - | Stat. Muon Elec. Recoil Bckg. QCD EW PDF | Total
MeV] Unc.  Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc.

W — ev —29.7 175 00 49 09 54 05 00 241 | 30.7
W — v —28.6 16.3 117 0.0 1.1 50 04 0.0 260 | 332
Combined —29.2 128 33 4.1 1.0 45 04 0.0 239 | 280
(ATLAS STDM-2014-18) c. mills (UIC+FNAL) 25



W mass

mwy = 803707 (stat.) = 11 (exp. syst.) = 14 (mod. syst.) MeV
80370 + 19 MeV,

« Fundamental test of internal consistency of Standard Model

B I I I 1 I 1 I I I 1 I I 1 1 I 1 I 1 _

% - ATLAS = B my, = 80.370 + 0.019 GeV -
O 80.5 Bl =172.84£0.70 GeV -
E; - - my, = 125.09 £ 0.24 GeV -
80.45 [— s 68/95% CL of m, and m, —]
80.4 [— _‘

8035 | “ / _

80.3—

we 68/95% CL of Electroweak

Fit w/o m,,, and m, i

(Eur. Phys. J. C 74 (2014) 3046) -

8025 1 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 ]
165 170 175 180 185

m, [GeV]

(ATLAS STDM-2014-18) c. mills (UIC+FNAL)
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Weak mixing angle from DY Ag;

« Weak mixing angle is a free parameter of the SM
2
m
Sin2 HW — 1 — _V;/
mz

« Measure effective weak mixing angle (includes EW corrections
and is lepton-flavor dependent)

. onf _ c 2
inc0’ = Krsin<@
S off f w

« Theoretical expression for asymmetry:

/] /Y

6a¢aq(8v,0q — QqKDn)
16(v2 + a2) (v2 + a2) — 80;0qQqK Dy + Q2K3(D2, +I'% /m2)

//</ \\

vector and axial couplings of fermions (leptons and quarks) to Z

ARgS(myy) =

Vp = af(l — 4|Qf| sin? He];f) where Qf is the fermion charge

(CMS SMP-16-007) c. mills (UIC+FNAL) 27



Weak mixing angle from DY Ag;

— Calculate cos 8* under this

— Account for dilution

Ratios and asymmetries are powerful measurements because uncertainties
on the total yield cancel to first order

Define “forward” direction as cos 8* > 0, where 6” is defined in the Collins-
Soper frame

— Parton pt is small compared to other momenta so this is close to the lab frame

Valence quarks, but antiquarks P
only from the sea > momentum
asymmetry - quark direction
more likely to be in the direction
of dilepton system boost

assumption

Measured asymmetry defined q

Op — 0
F B This is a 2-d projection

App = ——— ,
OF + Op but that’s all we need

(CMS SMP-16-007) c. mills (UIC+FNAL) 28



Weak mixing angle from DY Ag;

m
LL

Data - Fit

rapidity bins
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(CMS SMP-16-007)

70 90 110
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70 90 110

Asymmetry largest for furthest-
forward leptons, away from Z peak

— But changes in sin?(6,;) most evident
near the Z peak

NNPDF3.0 uncertainty
NNPDF3.0 replicas

BN i F T
£ ELEREEETT

~0.005 |~ I
Eff:—’:;l::fr:;:r/ L”,I 1:' oo |

70 80 90

my (GeV)

NS N N N
PRI R T T T SCON il

100 110

« Sensitivity to PDF model also
evident
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Weak mixing angle from DY Ag;

sin® egff = 0.23101 =£ 0.00036 (stat) £ 0.00018 (syst) = 0.00016 (theo) &+ 0.00031 (PDF)

« Limiting systematic is PDFs, statistical uncertainty from Monte Carlo
« Recall percent-level uncertainties on lepton ID: reduced to per-mil

effect

. PDF replicas Welghted LEP + SLD B | | | —o— | | N 0.23153 + 0.00016
by how well the model LEP + SLD: Agg —o— | 0.23221+ 0.00029
agrees with data SLD: A, B —o— | 0.23008 + 0.00026
— Final result is a y2- CDF ee+up 9.4 fb” I | e | 028221+ 0.00046
weighted average over D0 ee 9.7 b 5 ———— | 028147 + 0.00047

the replicas, im —
uncertainty is the ATLAS ee+up 4.8 fo - o - . 0.23080 + 0.00120
weighted RMS B o B _| o#stae = o00tos
— PDF uncertainty CMS up 18.8 b B o — i 0.23125 + 0.00060
reduced by factor 2, CMS ee 19.6 b’ o 0.23056 + 0.00086
still dominant CMS ee+un i e | 0.23101 = 0.00053

0.23 0.231 0.232 0.233

« 2l
(CMS SMP-16-007) SINOes



Cross section, simple view

« Cross section formula
N —B
O' p—
A [ Ldt

Acceptance A purely from
theory

_ N(kinematic)
~ N(total)

Fraction of total events that
pass kinematic selection
(fiducial volume)

N = number of events observed
in selected data

B = estimated background

A = Acceptance

¢ = Efficiency
[ £dt = Integrated luminosity

Efficiency ¢ brings in detector effects
(measure using simulated events
and detector)

N (reconstructed)
E =
N (kinematic)

Fraction of events in fiducial volume
that pass all event selection
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Cross section, simple view

« Cross section formula N = number of events
observed in selected data
B = estimated background
_ N-—-B A = Acceptance
0= Acl ¢ = Efficiency

L = Integrated luminosity

« Uncertainties follow by error propagation with the statistical
uncertainty 6N = VN

(502 N ( 5B )2 . (8/1)2 2, (65)2 ,
o)c= —_— —) O —] O
(AsL)?  \AeL A 5
\ ] \ J
| |
If the absolute uncertainty on Fractional uncertainty on the
your background is larger than acceptance and efficiency

your signal, no sensitivity apply to the cross section
(to see this, divide through by c?)

c. mills (UIC+FNAL)
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Cross section, modern view ()

« Likelihood fit takes into account both the nominal expected signal and
systematic uncertainties as nuisance parameters

— We say that the nuisance parameters are “profiled”

« Models the probability to observe a certain number of events in a certain bin

L(u, B(8)) « P(N,p,s|uS(0) + B(0)) 1_[ exp ( -2

\

J |\

i

(6: - 9?)2)

J

I

Poisson distribution describing the
predicted and observed yield in each bin
Expectation is sum of signal S and

background(s) B

» Both a function of nuisance parameters 0
« Signal strength u “floats” unconstrained

H = Omeasured/ Ppredicted
(To extend to multiple bins, take a product

of Poisson distributions)

c. mills (UIC+FNAL)

|
Product of gaussians, one per
(uncorrelated) source of
uncertainty
 The 6; are allowed to vary in the
fit, but we say that they are
“constrained” by this gaussian
« 6 is the nominal value of the
uncertain parameter
* 0; is the uncertainty on
parameter i
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Cross section, modern view (ll)

o, —
—log £ = —(uS(8) + B(8)) + Nops log(uS(6) + B(6)) + Z ( o

2AInL

Can fit for parameters other than cross section

Equivalent to maximizing the likelihood: minimize negative log likelihood
—  Simplify computation

»

CMS 35.9 fb! (13TeV)

6 LI | IIIIIIIIIII I LI | L | LI | 1T I LI
B ~ +0.17 7
- Hoyy u=118 ", 5
5 —— stat+syst »
B —— stat only 1
- m,, profiled ]
4_— 95% CL ]
3 =
e -
1: 68% CL |
:I L1 1 | 111 1 | IIIIIII | 1 111 | L1811 | 111 I | | I:
87 0.8 0.9 1.1 1.2 1.3 1.4 15 1.
1)

c. mills (UIC+FNAL)

2
6;)
> + constants

l

A typical likelihood scan
Well-behaved: quadratic shape
Central value at minimum

Read 1- and 2-sigma
uncertainty from points where
— 2log £ has increased by 1
and 4
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