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50 year anniversary of the
Standard Model 11!

=>» Today: focus on Electroweak
Interactions: y*, W, Z°
=» Tomorrow: on top-quark

Strong interactions: g
will be included in both
lectures

electron e-neutrino

1897 -- 1975 1956 -- 2000
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[1] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19, 1264 (1967) ’



Formal Description of elementary particles and forces
given by the Standard Model of Particle physics

Standard Model: Nature described by the Symmetry Groups

LHC able to give us ‘SU(3) X SU(Z) X U(l) ‘
precision L>
measurements of the | Colour | J H | Weak Hypercharge |
relevant parameters Weak
Strong interactions Isospin I?Iectrovyeak
Interactions

3 symmetry groups
—> Interactions described by (only!) 3 coupling constants: g, g, g’
= Universal fermion-boson couplings




Decay t=> Wb

ElectroWeak Higgs Yukawa coupling TOp quark
all know particles Single top production couples strongly wi

all known forces

A lot to be
Covered...
| will be

selective Interactions are only
. between gluons and

6/20/17 qua rks



STRONG

quark IOLL08 N
gluon /
electron, \
mu, tau /
aeu = 1'137 fOl' e‘
neutrino a charge2
ag~ 40 agy Weak charged
All particles
O~ 0.58 agy Weak%lﬁtal\__ Flavourchanges
current:
k M All particles
e i No change of flavour .




Collinear factorization - EW. physics at hadron
colliders cannot forget about

Opp—sX = 2355 d$1d332f2‘p(33lvﬂ)f]p(x2vu) X Oij—X QCD: almost every EW
observable is influenced by
PDF, Underlying event,
Perturbative QCD hadronisation

@ A good QCD model is a
prerequisite for EW physics

—» Hard scattering
* Fixed Order

* Resummation

5. @ Measurements of clean EW
‘ signatures help to constrain
QCD parameters and models

I

* Parton Shower
* |nitial state
* Final state

Parton Distribution Functions

Non perturbative
QCD

* Hadronization

Precision In Quantum * Underlying Event

Chromo Dynamics(QCD) = Primordiali;



Example, Drell-Yan
Process: pp>Z or W

— Predictions needed as

Input

— Serious test of QCD with
EWK processes

Parton Density Function of proton (Q%=(10 GeV)’|
CTEQG6L

~

(=
Q

o
-,

Asymptotico

Fixed-ordero

Resummedo

O10oT=%RESUM* OF1X ~OASYM Main uncertainty in important EWK
precision measurements

High p;: described at fixed-order of o by perturbative QCD
predictions

Small Pr: described using resummation of multiple soft-gluon
emissions. Non-perturbative part that has to be parametrised and

extracted from the data.
=» This is of great importance when calculating the W-mass
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High Luminosity achieved
with beams with

>10'1 protons/bunch &

> 2800 bunches

in the ring
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Large Hadron Collider
@ CERN

» Energy Frontier

» 20 Year program to
accumulate > 3000 fb!

ALICE
=z Point 2

cMms
Point 5 = o *ﬂ




LHC collisions: kinematics

m Hadron = “beam” of partons with initial p,~0 but unknown p,_ fractions.
m Hadron-hadron collisions variables: p_ (transverse), y or n (longitudinal).

=B particle P
n = -0.88 (45°) i b A n = 0.88 (45°) -
n=-3 n = 3 (6°)
s AT 2 N720F8) beamplpe |
n=+ox
P,Pb  Forward p |Forward p.Pb

m Transverse momentum: |ps| = p sin(B8) conserved in hadron-hadron colls.

E+p, (Differences in rapidity are conserved

— —-lo
m Rapidity: Y 8E _ p, under Lorentz boosts in the z-direction)

Pseudorapidity: 77 = —In[tan( 8/ 2 )] (m~y if E>>m, and 6 not too small)

z
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gg:t I:‘]I : g 0 e N SRNCEER Measurement made within
. 66M channel

Tracker |n| < 2.5 o B Tracker acceptance |n| < 2.5

Pixels ~ Muons [n|<2.4 210m° 9 M channe |
CRYSTAL ELECTROMAGNETI(

Tracker ! . . CALORIMETER (ECAL)
ECAL ’ i
HCAL

W( ryslal

PRESHOWER

MCon Stng

Muons / - | 16mF 137 chann

STEEL RETURN YOKE

13000 tonne

Muon Detectors

. HADRON CALORIMETER (HCAL)
Total weight : 14000 tonnes Jrass + plastic scintillal MUON (

Overall diameter :15.0m Barrel Dr
Overall length : 287 m Endcaps. (

ZPWY7

Barrel Toroid Inner Detector

e \"g,‘-,., aracteristics

2Q
Electromagnetic Calorimeters - € Width: 44m

bt 43 Diameter: 22m

< || Weight: 7000t

Solenoid

Forward Calorimeters

Hadronic Calorimeters

CERN AC - ATLAS V1997

End Cap Toroid

Shielding
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Elastic Scattering Single Diffraction

Double Diffraction

Hard Core

Non Diffractive

Proton — Proton

Collisions

This includes
Double-Parton
Scattering (DPS)

= Two hard
Scatters by partons
from the same

pp collision
# to pileup

lmportant
rcgime for
Searches

Like VBF
Topology

25%

+ few more

L)

(0ap)

Illllll

|

Al A R L

g% ; f: hard core




Many Hard Processes

PP —jet(s) ppY+X pp—W/Z+X

1 e, " SN
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B - N
¢?$5555 10712 s
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e

N = L o (acceptance) x (efficiency)
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Low energy LHC: For “hard” processes strong

NUCLEON-NUCLEON | Interactions is directly between quarks
INTERACTIONS

3 valence quarks CMS

c 0.24F —— CMSincl.Jet, Vs = 8TeV, ag(M) = o.11e4*_‘;jg‘;j§
s - —e— CMS Incl.Jet, s = 8TeV
0.2~ —s— CMSR,,, I5=7TeV

—+— CMS Incl.Jet, Vs = 7TeV

0.2 —+— CMSHi, {5=7Tev
- CMS 3-Jet Mass , Is = 7TeV
0.18— ——o— DO Incl.Jet

DO Angular Correlation
A— H1

0.16—
—a— ZEUS

0.14— - = World Avg o4(M,) = 0.1185 + 0.0006
0.12— q q

01—
0.08—

:Illlll 1 1 IIIIlI| 1 1 IIIIIII 1
5678 10 20 30 40 100 200 300 1000 2000

Q (GeV)
» Effective strength ~ #gluons exch.
* low @ more g’s: large eff. coupling
* high Q% few g’s: small eff. coupling




In QED:

FeW comme ntS * the electron carries one unit of charge —¢€ Q
+ the anti-electron carries one unit of anti-charge +¢€
on QC D re | evd ﬂt » the force is mediated by a massless “gauge \%/
. . boson” - the photon
when discussion _—
Nd rd scatte ri ﬂg + quarks carry colour charge: 7,8, ~ Qs
» anti-quarks carry anti-charge: 7,g, b g
PIrocesses * The force is mediated by massless gluons
* In QCD quarks interact by exchanging virtual massless gluons, e.g. * Two new vertices (no QED analogues)
s q, Jy Qr p Qr triple-gluon K quartic-gluon
vertex vertex
PR & -
* In addition to quark-quark scattering, therefore can have gluon-gluon scattering
G % G Oy G Gy 2909,

0000
0
0
1 o]
* Gluons carry colour and anti-colour, e.g. o

qb q Qr q, . .
e.g. possible ’ . "\ A
br b I way of arranging J'Ar
the colour flow it gt ¥ X
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ne LHC we need to have under control

n the soft (underlying event) & hard QCD

« Measurement of the forward charged
particle pseudorapidity density in pp collisions
at sqgrt(s) = 8 TeV using a displaced interaction
point
Eur. Phys. J. C (2015) 75:126; arXiv:1411.4963

Inclusive pp, s = 8 TeV

ﬁ:o 81 « TOTEM: N_, >1 in 3.7<n<4.8 or -7.0<n<-6.0
2 7 + CMS-TOTEM: N_, 21 in 5.3<1<6.5 or -6.5<n<-5.3
©
6 —s e T
oo W
5 +++ "!% .
AH\\
4 ; ;‘ .
3 -
Pythia8 4C (displaced IP) Pythia8 4C (nominal IP) b4 “‘\‘
2 —— EPOS LHC (displaced IP) EPOS LHC (nominal IP) | o
QGSJetll-04 (displaced IP) QGSJetll-04 (nominal IP) i
1 SIBYLL 2.1 (displaced IP) SIBYILL 2.1 (nominal IP) }
A typical (interesting) event 0 1 2 3 4 S 6 7h1| r
—_——




Before we continue...The
hard processes very often
produce jets. We are
continuously improving our
Jet reconstruction

u,d ors jet

corb jet pileup jet

+ Jets are ubiquitous at hadron colliders.

- Collimated spray of hadrons resulting from an initial state quark or gluon)

+ LHC jet tagging revolution

- Enabled by new reconstruction techniques (ex. particle flow, sequential
recombination jet algorithms)

- Quark/gluon discrimination, Pileup jet ID %

- Boosted heavy object jet tagging (ex. top,
W, Z, Higgs)

» all decay products of reconstructed within
one jet

WorZ jet

- Advanced b-tagging methods

- Subjet b-tagging, double b-tagging

6/20/17 17




I[dentifying quark
and gluon jets

Gluon more likely to radiate a gluon
(Ca =3 vs Cr = 4/3)

Gluon fragmentation function softer

Gluon jets
- Wider than quark jets (n-® plane)
- Larger multiplicities

- Fewer hard particles

Quark jets
- Narrow
- Smaller multiplicities

- Asymmetrical energy shared
between constituents

6/20/17

* Three tools:
Likelihood discriminator (3 variable)
BDT discriminator (5 variable)

Deep neural net (jet constituents)

* Quark/gluon discriminator variables:
Jet particle multiplicity

»  Total or charged

Jet shape

Gluon-jet rejection

»  major axis width

» minor axis width
» AR weighted pr 2

log( %)
jet pr

Energy sharing (ptD)

\V Zi P}
LiPri

prD = — 0if jet has infinite number of particles

u,dors jet

—
o

o
)

o
()

o
>

o
[S)

= 1 if all momentum carried by one particle

CMS Simulation Preliminary
T

80<pY<1OOGeV

00<n<13

—— charged mult.

— ptD

F —— major axis

[ —— minor axis

- —— 3 log(pT/AR) / jet pT

L

| I

0.9

P (D VY SO T N WO ST WY (L UHAY WY |
04 0.6 0.8 1.0
Quark-jet tagging efficiency
CMS DP Note 2017/027

0 0.2
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LHC Hostile environment

* Pileup jets are formed from
overlapping low pT pileup particles

Delivered Luminosity [pb/0.1]

Each pileup vertex contributes ~0.7 GeV
of energy per unit area (n,P) of the
detector

* Pileup jet tagging - tool used to
identify and reject jets originating from

pileup

Utilize vertex, track, and jet shape - OMS Prelminary /5 = 8TeV L=20 fb"
: : 10°F 7™ JME-13-005 .= "
iInformation

Gluon
-
Nl <25 Gida

105 L R .. Real Jet

[

Events/1.25 GeV
L)

Charged particles inside pileup jets are
not associated with the primary vertex

10%F

Pileup jets are more defuse (overlapping T

10°F

soft particles from multiple vertices) 3 40 50 60 70 80 90 100




Aside... | am going to show several cross section

N,,,: observed number of events
_ Nobs = kag Npiy: €stimated background
O = A: detector acceptance (Ng., fiqucia/ Ngen total)
AelL &: experimental efficiency (N oo/ Ngen fiducial™ €data/ Emc)

L: integrated luminosity

Fiducial cross-section

* no correction for detector acceptance to avoid theoretical
uncertainty on extrapolation to the full phase space

Differential cross-section
e Measure in bins of a variable (or of several variables)

* Use efficiency matrix that also describes migration
between bins = unfolding

20



, & [pb]

—h —h —h —h
o o o o
N w I o1

—

NS ORI R B IR

Production Cross Section
CD| —_
- o

—h
<
[\

10°°
107*
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V+ 2 jets

CMS Preliminary

A

LILILIL

e

May 2017

-~
5

w
All results at: http://cern.ch/go/pN;j7

@ 7 TeV CMS measurement ( .0 fb™

L<5

@ 8 TeV CMS measurement (L <19.6 fb™)
m 13 TeV CMS measurement (L <

- Theory prediction

Ze La Zz. CMS 95%CL limits at 7, 8 and 13 TeV

35.9 b

S T R R R A A

T T T T T eV TEW T e ET T e e AT T T T T T T T T T T T
Z Wy Zy WWIWZZZ S e ww Waiissww zyg 2z WYY 2 Wiyt Tt Wttty T tZg W HZ it ggH VH ' ttH ' HH

qH
EW: Wosly, Z-sll, l=e,n Th. Ao, in exp. Ac

21



Focus 1st on EW production of
single bosons and Multiboson

Huge range of production Cross Sections

* 5-300 pb: Inclusive (QCD) diboson
production:

* Sensitive to higher order QCD (and QED)
perturbative corrections

. SMgauge structure: Triple Gauge Couplings
(TGC)
* <0.01 pb: VBS/VBF (QED) diboson production

* Sensitive to higher order QED perturbative
corrections

* The nature of EWSB
* SM gauge structure: Triple Gauge Couplings
(TGC) and Quartic Gauge Couplings (QGC)
* 103-10" pb: Inclusive (QCD) triboson
production

* Sensitive to higher order QCD (and QED)
perturbative corrections

* SM gauge structure: Quartic Gauge Couplings
(QGC)

6/20/17

Production Cross Section, o [pb]

May 2017
: B - .
10° E-=® CMS Preliminary
= =] o T.
L >n iel&a @ 7 TeV CMS measurement (L<5.0 fb™)
1 04 - o L ol @ 8 TeV CMS measurement (L<19.6 fb™)
S : @ 13 TeV CMS measurement (L <35.9 fb™)
C o Theory prediction
10°F Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV
E B
o[ @ Dibosons
10°F &
I
T
10 :
: Tribosons
1F
3 = " 2]
10k Boson:_ so
EW
1072 3
10 - Dibosons
EW
10—4 "Wz lwylZylWWIWZIZZIEWIEWIw—HEWIEW IEWIEWIWWIZWIWWI

qqW qqZ WW WyjjssWW Zyjj  ZZjj
EW: W-alv, Z-ll, =

All results at: http://cern.ch/go/pNj7
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VBF: Vector Boson Fusion

VBS: Vector

VBS production

q
M q q
, Boson Scattering
Z 5
S i 35.9 b (13 TeV)
2] T LS [ S S B B S B T
q c - Data — m,.. = 200 GeV
I g 150 | EWWW  om,.. = 600 Geng.s. bi
1  mwz reliminary |
QCD Background B Norsprompy 51641
g I Others
v 100 - .
E : }Q&%&Nt
~ s=13TeV,32f"
I % 10 Zjj EW-enriched region H .
> ata - O NN =
Great topology to o - 50 . ¢ _—
Sea rCh fo r neW 10‘1: = (égl’?e-ggéALPGEN) : "’?iﬁ\\\\\\\;“\\ ........... . ------------
h|gh mass : 2 0 oo e :
N — 108 500 1000 1500 2000
10°° 1N
1000 2000 3000 4000 mj] [GeV]

T\ Dijet invariant mass [GeV]

What %o | mean by saying QCD or EW boson production ?

Many future analysis will have this topolo
Notice that they all involve jets...
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In SM, VBS crucial because (i) W /W, = W W, 1
vanishes, only (ii) W, W, =2 W, W, is present v

-~
-~

' H? W W
‘ .. L” ® a=b=| inthe SM
"»"“...:aghwsm .,-’\".,.zbgmv@“ ® |ngeneral,ab?# | anda# b
W H P
e . & @%.
a e (}'0"'
- : 70 e . 0 E—c
H o =5 (12 E/Mw+..
.\‘ ‘0‘ ‘\ %% '0'“~§~
W« E?/Q@}éo... o — a2 EYMw + ..
)
520 K%" W+ o
"t Ho° ~~s i
O*..
_ 5 By (b=2a2) B2 / Mw2 + ...
—p + threshold terms

<N- .
ot b E2/Mw? + ...

'.’ o.‘. “...-
= A VW

e Wt
He" .

O = a?

E2Mw? + ...

proportional to
HHH coupling

q q

IVIH
(i) # 0: additional
particles are

Responsible for EWSB

V|, V| scattering linked to the
mechanism responsible for the

EWSB:

(massless vector) W, B,

(Higgs doublet) o, "

v

(massive vector) W7, W, Z,
(Higgs field) H



We know how to Vector Boson Fusion  Vector Boson Scattering
reconstruct jets...
therefore we can identify:

pp—=2 qqV or qqVV

pp=2jj Vv pp—> jj VV

Process characteristics: o e <
* Tagging jets (large [An;|, m; quark tagging) -
* Little central hadronic activity (jet veto) -

11/8/17 25



Any beyond SM Interactions with

Multibosons are also used o oy SM felds_

to search for new p
via anomalous cou

Nysics M
0lings

For large scales E/A « 1, 2 4
only operators with lower 1 E 1 E
: ; : —e ¥ = —Lg — ' —
mass dimension will A2 A A4 A
matter...

1
A Ls )+ 6)H
SL#0 SB=0 S B#0 6L;é0

@ 14 operators, 18 parameters

@ 1 operator, 7 parameters
s [arXiv:i1312.2014]

® 4 operators, 408 parameters (all violate B number) [arXiv:1405.0486]
@ 30 operators (all violate L number, 7 violate B number) [arXiv:1410.4193]

® 993 operators [arXiv:1510.00372]

The 2499 parameters in D=6 can be reduced to a bit more than 50 assuming
flavor symmetry and CP conservation

11/8/17

Existing measurements are limited to 2 operators. We can do better!




Anomalous couplings

= Limiting factor: Observed statistics in the tail,
systematics and statistical uncertainty on the S/B
model = Will improve as luminosity increases
= Anomalous couplings result in an increase of cross
sections at high energies
o Invariant mass of the diboson system and the
boson p; are particularly sensitive

2.3fb" (13 TeV)

3 [ CMS CMS-PAS-SMP-16-012 ,,wzcategory
810° & preliminary ¢ DataWopv cutof f
S B ] eeee- signalc, /A*=12TeV* Amax
5 10° WV fvqq | BRie «
> I Single Top +e
10 - ) 7] e rommek unagtainty kK
] TS ’ \s
1 $44d ] ] ’ \
10" B / .......
i'.'.-: w2
S S0
S°-24
1000 1500 2000 2500 3000 3500
My (GeV)
11/8/17

>

© —4— Data 3
1 ATLAS B Z(1 Ty EWK ]
k4 Vs=8 TeV, 20.2 fy' W Z(I')yjjQCD |
o B Z+jets ,
i Search Region tty E

Il WZjj
Tot. unc. .
""""" cereeens NS = 352 TeV, App = 0 ]

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

o
o
o
P
50 100 150 200 250 300 350 400 450 500
) E; [GeV]
arXiv:1705.01966

ZZ—48 (13 TeV)

10

ATLAS Preliminary s=13Tev,36.1f0 '

o Data

W2z

10' -y 22

p ey pp - 22| (EWK)
W Non-22Z background

Events / GeV
3

SM + aTGC, £, =0.0038

i SM 4+ aTGC,
.......... ] = 0.0038, £f = 0.0033

i
0 295 415 555

Data / pred.

Pr.z, [G'e\:;‘])oo
ATLAS-CONF-2017-031

2]
—
o
277 SMstat. & syst uncertainty g’

ZZjj—4Rjj (13 TeV)

CMS Preliminary
T T T T T T T
-« Data

Wl ZZj) EW

W gg 22
mqq - 2Z
oz, wwz
24X
frg/AY =1 Tev!
Iy/A*=2Tev"]

3591 ' (13 TeV)
T T3

Events

0 200 400 600 800 1000 120?G 1400

m,, [GeV]
CMS-PAS-SMP-16-019
wiwt-4e (13 Tev)

359" (13 Tev)
T T ]

I
e Data —tro / A =042 Tev* 1
150 | EWWW . /A =061 Tev* ]
mwz
I Non-prompt N Bkg. unc.
Others CMS
100 - Preliminary
;\\+\\\: ‘
.\‘\\\*\\\Q

50

0 i

200 400 600

CMS-PAS-SMP-17-004 M [GeV]
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Tribosons "~ O "

First study by ATLAS of W*W:*W+ to

.. w ‘Z/y*|H w
l*v +I:v+ltv and v+t v+ -l w
W W W
More statistics will come @13 TeV
gzo ATLAS - Data E g - aTLAS 0 e-Dam -
Q 181 (s=8Tev, 203 10" —WZ E o 0 \s-8Tev, 203 10" —_ e
mmm Fake L. p o — e Fake L ol
= & 161" wiviv 1 — F Z ,qF Vv -y ; -
3| £ 14F osrs2sF0s SR oot o 8400 e s = ChageFlpl
4 4 b= w+up SR M Other Bkg.
A =2 _ fs/A*=2000TeV* ] $ L fg/A*= 2000 ToV* ]
[': D12 Agp = fg /A*=2000 TeV* 3 & 300 Ape = g /A*=2000 TeV* ]
— 19 15 /A*=2000 Tev* _5 E fs o/ A*= 2000 TeV™* E
: 8 fg /A*=-6000 TeV* 20  fg/A'=-6000 TeV* ]
o 6 = - J
~ . - —+— ______________ :
ey 3 105 ' A
O - C % s Seady 3
= - F - —_—— o
& (] ——— T e e 3 T =S
m o Y ¥ 77¥ 3
(B 1 5 .............................. ‘;‘) ZZ? LS,
3 . @ )
T 1 & /////////////// %
o 0 SVC + i IS ;MG i (i % 1/ ,4
3 I . . . . . Y . . %// i
0 100 200 300 400 500 600 700 800 900 1000 600 800 1000 1200
m3 [GeV] Ip, [GeV]
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Role of precision EWK measurements @ Hadron Colliders

80.40 LA LR LR LR LA AR RA) RARARRRAAY LARARARARY RARALALALS LARARRLAL!

To provide precise measurements of
fundamental parameters to tests the

theory: / /

80.39

gl aaasaaaay

| RAARAAAR

80.38

T[yrrrrrreey

;‘ 3 .
i’ 00.37F — Clemo GF’ MZ’ MW’ Slnzewa mtop’ MH (XS
i Why? To have access to potential
_ m————— that might not be directly
i aldata (90%) accessible at the current center of mass

170 171 172 173 174 175 176 177 178 179 180

m, [GeV] energy... just as we did for the Higgs before

TR PRAA the actual observation
t W Some tension d/fl’ﬂ? in data
T 1 o - sy
v, o e v B, WA S 5 N .. Better precision before we can
oW YV VS VUV e,
¥ m,, o m g conclude if significant
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43pb’ (13 TeV)

T

CMS Preliminary

43pb” (13 TeV)

T

CMS Freliminary

—— data
WeV

I EWK+tt

B QCD

—— data
Wopv

I EWK+tt

[ QCD

Electron p= 35.6 GeV/c Electron
ME; =36.9 GeV
M+ =71.1 GeV/c?

Events / 2.0 GeV
Events / 2.0 GeV

lll[lll]lll[lll\ll

Proton
Beam

o

o

Soe
o Lo

il

|3 TH i
TH I [ 1o [113 ]
50 150
Nothing?!? Fr[GeV] Fr[GeV]
Green tracks have low
transverse momentum

Soe
o

1

o
nN Lo
o

| L
‘."QAM.++.+I 1 T

£}

Data

Data-Pred

Data

P T
TIY'Y *". % v *' ?T]TT

Data-Pred

S

)

=assteten 3 50 ) 150

Lumi section: 931

[] ]
CMS Experiment at LHC, CERN I I I I l I I I I I I l I I |
Data recorded: Tue Sep 4 04:06:14 2012 GMT-4 >
Run/Event: 202178 / 1100609921 3
- ) ~
>

Muon 1,
pt = 827,28

T, with W’s and Z bosons
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G X B [pb]

W and Z Boson Production

llll] 1 Illll] | 1

1
- ® CMS Preliminary, 43 pb™' (13 TeV) W —
- @ CMS, 18 pb’ (8 TeV) W
O  CMS, 36 pb" (7 TeV) W
E_ H CDFRunll =
— 0 DORunl =]
N A UA2 ]
B Y  uAt yA a
= /1 -
— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs —
i | | | | | | I | | | | | | | | I | | B
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* Many detailed EWK
studies possible — and
done -- with the large ZW
samples

* Here we will focus on
* sin%0,,
* W-Mass
e Lepton Universality



Before we
proceed...
Some historical
& theoretical

background of
the
ElectroWeak
model

From: M.A. Thomson
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* The W* bosons carry the EM charge - suggestive Weak are EM forces are related.

* W bosons can be produced in e*e- annihilation

* Wlth just these two diagrams there is a problem
the cross section increases with C.0.M energy

and at some point violates QM unitarity

UNITARITY VIOLATION: when QM calculation gives larger
flux of W bosons than incoming flux of electrons/positrons

L 25

o(Without Z)

0150 160 170 180 190 200 210

Vs5/GeV

* Problem can be “fixed” by introducing a new boson, the Z. The new diagram
interferes negatively with the above two diagrams fixing the unitarity problem

e —€—
\
¢ ——

\Myww + Mzww +Myww|* < [Myww + Myww|?
* Only works if Z, vy, W couplings are related: need ELECTROWEAK UNIFICATION
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SU(2), : The Weak Interaction — W boson

—>

8w

3 Gauge Bosons le, qu, ngi e

* Weak Interaction only couples to LH particles/RH anti-particles, hence only

place LH particles/RH anti-particles in weak isospin doublets: Iy = %

RH particles/LH anti-particles placed in weak isospin singlets: J, =0

Weak Isospin

. | Ve Vu VT u C [ If}V - +%_
IW — 9 — y — ) T ’ dl 9 / ) b’ U | |
e ). M/, L L W/ L by =—3

Iy =0 (Ve)R, (3—)R, ---(U)R, (d)R7 Note: RH/LH refer to chiral states

. \/2

*The charged current W*/W- interaction enters as a linear combinations of W,, W,

W = (Wl = wy)




W Spin-1 — 3 possible polarizations:
W helicity affects the kinematics
of the outgoing leptons

Both W+ and W- bosons produced with high pT at the
LHC have a dominant left-handed polarization along their
directionof flight

(1 — cos 6*)? sin? #*

(1 + cos 6*)?
1 +Jo—5

4

do I+
d cos 0*do*

= fL + fr

When left-handed W* is produced in the transverse plane,
its decay left- handed neutrino will be preferentially
emitted along the flight direction

While for left-handed W-, the charged lepton will fly
preferentially in the same direction of the W, and the
right-handed anti-neutrino will choose the other
direction.
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do (W +3jets) / do (W +3jets)

BlackHat+Sherpa
1

L .l 1

W+3jets+ X

Vs = 14TeV

1 I | 1 1 1 l 1

50

100

150 200
Charged Lepton E . [GeV ]
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W helicity and best production
mechanism of W with high

momentum transfer

10

10°

10°

Q* (GeV)

10°

100 -
10

10"

LHC parton kinematics

F X, , = (M/14 TeV) exp(zy)

F Q=M M=10TeV -

E M = 10 GeV

E
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Dominates when starting from valence quarks

1.2
MSTW2008 (NNLO)
1=10,000 GeV?
1
O
0.8
0.6
U
04
/
_j ,
4
0.2 —
d
0 \
10! 10" 107 10"

u wT
u w ;i
8 H /
: 8 d
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Polarization fraction depend not only on 0, ¢,

but also PT and pseudorapitity y

— 0.8
\s=7TeV
0.75 W* X
0.7
0.65
0.6
0.55 — NLO inclusive
. .. NLOJy |<3
0.5 NLO |yw|<2
0451 inckiiat + Sharpa 1
0 100 200 300 400 500 600
Tw [GeV]
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S0 100 150 200 250 300 350 400

Prow? [GeV]

- Prjq > 10GeV

55 20 GeV
Prje > 30 GeV

— Prje > 50 GeV
- Prje> 100 GeV
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polarization fraction

0.6

04

0.6 - — -
o - .
04} Pru>30GeV  R=04 [siscone] W+ 2 jets
02 - B T
0 i 11} l . l 11} I L1l l L1 11 1 f—l—i—l I_H—-
1 l LI I L ) I L B I LI l LI LI ) L] 1 U—-
= Wt 3jets ]

But independent of the number of jets for W

with high p-

LHC Vs = 7TeV at

f

R

—t

0

II']lfl"Illl]IlTllllIl']'lll'llll]"l'l"'l LI I IS
- u//_/———'/\’_'/—\PW’J‘—J—Fl——:

Wit ljet

[T — T

B P | llllllllllllll:llllllllllll =A==
I I [ I | | |

lllllllllllllllllllllll 120 I

' )
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polarization fraction
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- l Ll L 1 l L L 1 l L L L 1 l Ll L 1 L L L L I i T 1 = L i
200 250 300 350 400 450

Prz [GeV]



Aside: W helicity sensitive to the u & d fraction on the proton

A priori, the values of the f.
parameters are not expected
to be the same for both
charges, since for partons
which carry a large fraction of
the proton’s momentum, the
ratio of valence u quarks to
sea quarks is higher than that
for valence d quarks
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SU(2), : The Weak Interaction —Z boson

1y r'¢ Y =20 -2,
¢ : Q is the EM charge of a particle
B I?N is the third comp. of weak isospin

Ay :B#COSBW—I-WIf’SinGW
Zy = —By sin By +W300$9W

e = gw sin By = g’ cos By

e = gz Cos By sin By

i.e.

(i.e. equate coefficients of L and R terms)

cos By

87

The physical bosons (the Z and photon field, A ) are:

Ow is the weak
mixing angle




€; €p
CL-87 L CR-87 R
€ > Cr >
A Z
cr = I, — Qsin® By cg = —Qsin” Oy
1 ¢ $
1
W3 part of Z couples only to B, part of Z couples equally to
LH components (like W¥) LH and RH components

* Which in terms of V and A components gives:

with |cyv =cp+cgr = Iv3v — 2Qsin2 Ow

* Hence the vertex factor for the Z boson is:

—igz5Yu lev — ca¥s] 2

NEUTRAL WEAK INTERACTIONS
3 Neutral vector and axial vector coupling in GWS model :

CA:CL_CR:IW f e, e,
1 1
VsV ¥ — H
e M T 2 2
e ,u,1 —%+2$in49w —%
1 4 ., 1
’ ’t ST 0 B
u,c 5 8 sin“é,, 2
Z d,s,b —1+zsin20w e
2 3 2




do
d cos 8*

. | oc%A(l + cos® 0*) + B cos 60"
Presence of vector and axial-vector couplings (and

weak mixing angle) introduces a forward-backward "
asymmetry. This is a parton-level phenomenon that /( ;

we measure at proton-level. ‘ /

1 = N(cos 6*>0)-N( cos 6*<0) W
FB ~ N(cos 8*>0)+N( cos 6*<0) — 2(PR —PIF) | Pust
\/m%e(m%e " p?i,,a) |P2,0¢]
Pt = %(Ei nsl) %)

How to measure sin“0,, at the LHC using

op—=> 727
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lept

sin”6,& = 0.23101 = 0.00036(stat) 4 0.00018(syst) = 0.00016(theory) =+ 0.00030(pdf)
m 0 8—. =, I | 5 R, | l S A e l 1 8 I  F e ) ] 1T 7 I,_,‘
< - CMS, 1806.00863 - .
0. PYTHIAS : Quantum Mechanical Effects
. LO NNPDF3.0 i i
0.4 ad Asymmetry Prediction
i Al A A & 8 ‘: ad B Z/ interference
0.2_— ;.;A‘:L;flL][::LL; ) N
i #"‘57;I3;;5;;od : -
0h . ' uu — e'‘e
5.22222..}le ° 00<|y|<04 i Pure Z exchange
—02:“:A.:.A“ o O4<|y|<08— £ 00— A — / -------------------------
A . 08<Iy|<12 3 '
-0.4 _
i 12<Iy|<16 : 0s
—0.6:— « 16< Iy I <20 i . Primarily pure y* exchange
. 20<Iy|<24 ] a A A
_0-%-1 PR U NN U TN W A TN WY ST W B N 1 | Al 0 50 100 150 200
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my (GeV)

Interplay between y & 7Z° and the Vector

and Axial-Vector nature of the Z°
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WORLD AVERAGE: Including LHC Results

based on FB asymmetries in Z-decays
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Motivation for precise measurement of the

W-mass

SM at LO the W boson mass depends on parameters known with high precision:

.. 2 o 2 2
sin“0,, = 1—m,,/m,

Beyond LO : corrections depending on myand m,,,

" 3Gpm? 2
Ar¢o ~ 7——51’—-5— xX m
P t
T 1 8v/27* tan“ Oyw

= V2Ggsin® 6w (1 + Ar)

2
ATiggs =~ 11G M cos 0 ln% o In{my,)

Test of SM: compare measured m,, to prediction from SM EWK fit

SM fit without m,,: m,, = 80354 +/- 7 MeV (arXiv:1803.01853)

Previous combined measurements :

LEP m,,= 80376 +/- 33 MeV  Tevatron m, = 80387 +/- 16 MeV
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80370 + 7 (stat.) + 11 (exp. syst.) = 14 (mod. syst.) MeV
80370 + 19 MeV,

W-Mass mw
Determination

0.12- ATLAS Simulation Preliminary [ Nominal
i Vs=7 TeV, pp—~ W*+X —
* Measurement based on 7 TeV data (4.6 fb?). It takes | e

Normalised to unity

time to get the systematic uncertainties under
control for precision!!

* Included ~14.10° W leptonically decaying W

lll[llllllll[lllllllll

. CE; 101 — -
candidates P S e ———— =
. . g . 60 70 75 80 85 90 95 :
* Technique uses template fits to the W- p; and m; M
predictions 3 19 ATLAS Preiminary '
~ 10°F \s=7Tev, 4.1 "
E 12
. . . e 1
Calibration of energy scale, recoil response and o
. . . . . 1
efficiency studies using the large Z sample. Modelling 10°
. . . 10°
of helicity effects constrained by W and Z data. 10
£ 1.0sf S | .t
§ 0 h,mw»... e wfeeess mj
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* Good agreement with predicted my from SM EWK fit.
10 Gfitter Group arXiv:1803.01853 ® i ALEPH
NX : I Hc " l | T I l 1 : T I I I T ] T L] 1 :
< 9f-t=s £5 34 DELPHI
E TT SM fit w/o Md' megsurements i
8 b - o i L3
- SM fit w/o Mg, and M, measurements 3
7 ;_ - LEP [arXiv: 13028415 E: O : OPAL
6 E— == Tevatron [a}:’Xiv 204.0042) —; L p—
5 =@- ATLAS [ERJCF8, 110 (2018)] = T
= ' : O Tevatron - CDF Run I
= —20 0 LHC
3 . & e ‘é’;"d Syoree O DO Run |
2 E— o Ko—H DO Run i
1 : J/ — + — E 1o
g 1 vl >~ 1 - 1 ' = [ = ATLAS - 80.358 x 0.004
0 C 1 1 1 ' 1 1 1 1 1 L 1 g
80.34 80.36 80.38 80.4 80.42 802 803 1 508 —~n
80.379 £0.012
M,, [GeV] M, [GeV]

W Mass Measurement

6/20/17




W Leptonic Branching Ratios

23/02/2005
ALEPH i 10.78 + 0.29
DELPHI = 10.55 + 0.34
L3 -4 10.78 + 0.32
OPAL A=) 10.40 + 0.35
LEP W—ev ° 10.65+ 0.17
ALEPH ) 3 10.87 + 0.26
DELPHI - 10.65 + 0.27
L3 L 10.03 + 0.31
OPAL —icd 10.61 = 0.35
LEP W—pnv ® 10.59 + 0.15 . |
DELPHI - 11.46 + 0.43 - -
L3 s 11.89 + 0.45 " Data
OPAL ] 11.18 + 0.48 - BER, LEP o'e = W'W -
LEP W—tv . 1144 = 0.22 095 = - 4 - ==
Pindf=6.3/9 | Bl R, LEP+SLDe’e 2 |
O Standard Model
LEP W—slv 10.84 + 0.09 | shesbbiss |
T x2/ndf = 15_4/ 11 1 1 I 1 1 1 Il 1 1 1 1
10 71l1""1l2"'l "C BR ~2'70- 0-95 ﬁd 1 fld 1-05
Br(W—lv) [%] larger than e/ Rz =07+ & et/ OZ1* > ww

Lepton Universality in W-decays

If anomalies in b-meson decays into t’s (D*1V) persists, it becomes more important to revise our
assumptions on Lepton Universality
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Possible because
ttbar and tW are
a great source of W™

l+

Q|

!

q

Becoming harder to mantain low energy
thresholds for single lepton triggers level
@ the LHC

=» Future requires new trigger schemes

11/8/17
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More tomorrow...



Backup
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HCAL |n|<5 SILICON TRACKER

ECAL || <3.0 te (100 150 ) Measurement made within
Tracker |n| < 2.5 A T Tracker acceptance |n| < 2.5

Muons |n| <24
= CRYSTAL ELECTROMAGNETIC

ey T CALORIMETER (ECAL)
g AR\ iating POWO, crysta
4 \\ PRESHOWER

Muon Detectors

Width: 44m
2 | Diameter: 22m
Weight: 7000t
Solenoid ) CERN AC - ATLAS V1997
Forward Calorimeters
End Cap Toroid

A

-
Electromagnetic Calorimeters -
-
-

HADRON CALORIMETER (HCAL)

Total weight : 14000 tonnes
Overall diameter :150m
Overall length :28.7 m

e eld - 3

Barrel Toroid Inner Detector .
Hadronic Calorimeters Shielding
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