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Formal description of elementary particles
and forces given by the Standard Model
of particle physics

Standard Model: Nature described by the Symmmetry Groups

1SU(3) x SU(2) x U(1)|
Strong interactions <—. — [ Weak Hypercharge |
Weak
Isospin
LHC able to give us
precision measurements ) )
of the relevant Electroweak interactions

parameters

and possible violation of
current assumptions

{ 3 symmetry groups
=> Interactions described by 3 coupling constants: g, g, g’

10/22/18 - 10/26/18 = Universal fermion-boson couplings




Decay t & Wb

FlectroWeak Higgs Yukawa coupling Top quark
— Massive “bare quark”

Interactions act on —
all know particles Single top production

N2
@ sinZ8,\m,,
I\/IH a‘s

couples strongly with
all known forces

A lot to be
Covered...
| will be

selective Interactions are only
between gluons and

qua rks 10/22/18 - 10/26/18



STRONG

quark
gluon
electron, \
mu, tau /
O'E“ - 1’137 for e-
a. charge?
neutrino
Og ™ 40 Oem

aw ~ 0.58 agy,

Weak kuﬂal\_
/ current:
All particles
‘0z a oy Mp/My, P

10/22/18 - 10/26/18 NO change of flavour




Collinear factorization @ EW physics at hadron
colliders cannot forget about

Oppsx = Bi; | dridxs fP(xy, p) f¥(x2, 1) x 055 .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

: - @ Measurements of clean EW
“ signatures help to constrain

e Parton Shower QCD parameters and models

@ |nitial state

* Final state A’_\/’ -
Parton Distribution Functions

Precision in Quantum
Chromo

Dynam|CS(QCD) » Primordial k_

Non perturbative
QCD

Hadronization

Underlying Event

10/22/18 - 10/26/18



R 4

Yan Proces; ._ p_b..

Z or W

% Predictions needed

as input

% Serious test of QCD

with EWK processes

10/22/18 - 10/26/18

Parton Density Function of proton in={1IJ G-V}:l

I

do ,g CTEQ6L.
—_— o 0.
dp? %,
Asymptotico
Fixed-ordero
Resummed o
Totalo
PT 10" 10~ 0’ »
O101= ORESUM* OF1X -OASYM Main uncertainty in important EWK

precision measurements

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

Small p;: 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



L L &
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High Luminosity achieved
with beams with

>10' protons/bunch &

> 2800 bunches

in the ring

o ICE s

Large Hadron Collider
@ CERN

> Energy Frontier

> 20 Year program to
accumulate > 3000 fb-t

ih
=

LHC - B
,:.iPOII’It a8

cMs :
Point 5 .'.'.__m..'}y i




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 i (longitudinal).

particle 71 P

/4 n = 0.88 (45°) x
n = 3 (6°)

N =5 (0.8°) beam pipe

""""""""""""""" e

n = -0.88 (45°) n=0

p,Pb Forward | Endcap Barrel Endcap | Forward

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

E+p, (Differences in rapidity are conserved

m Rapidity: y=-1o
pidity: Y & E — p, under Lorentz boosts in the z-direction)

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

10/22/18 - 10/26/18



Pixels
Strips

Preshower

CMS N
. Transy rse
VIEVV\_,_K_._,

\ -

FOAL by | 8 CMs Integrated Luminosity, pp

ECAL Barrel ' L\l Data included from 2010-03-30 11:22 to 2018-10-19 03:25 UTC
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muon RPC -

muon DT -
muon C5C

2010, 7 TeV, 450pb 1k

2011, 7 TeV, 6.1 fb*
2012, 8 TeV, 23.3 b *
2015, 13 TeV, 4.2 b !
2016, 13 TeV, 40.8 b *
2017, 13 TeV, 49.8 fb *
2018, 13 TeV, 65.0 b *
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ll-Elg:ll: ml : go - Measurement made within
Tracker |n| < 2.5 o *  Tracker acceptance |n| < 2.5
Pixels Muons |n| <24 '
Tracker pa—
ECAI
HCAL

E:R YSTAL ELEC 'T'Rt".l'.':fi-l GNETIC
.)

ORI) R

76K scintillating

PRESHOWER
Silicon ps

16m* 137k channels

Muons

“TURN YOKE

f@ Detector characteristic
-
Muon Detectors Electromagnetic Calorimeters 1 &% | Width: 44m
\ e 4 | Diameter: 22m
< | ‘ Weight: 7000t

Solenoid CERN AC - ATLAS V1997

Forward Calorimeters

HADRON CALORIMETER (HCAL) End Cap Toroid

Total weight : 14000 tonnes Brass + plastic scintillator
Overall diameter :15.0 m
Overall length :28.7m

d HE R

10/22/18 - 10/26/18 Barrel Toroid Inner Detector

Shielding

Hadronic Calorimeters



Elastic Scattering Single Diffraction Double Diffraction

I

Oot — OpL + O

This includes

-
Double-Parton \ hard core
Scattering (DPS) NomTith
=>Two hard 60% inelostic

Scatters by partons pp—

from the same Single

pp collision
Hard Core # to pileup

lmportant

regime for

Searches

Non Diffractive wve (gap) PP
LikeVBF llllJllllIlLllIllll I)

Topology

1R .y '~
+ fevv more o v o/

r

" & ar
W/ — v
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LIitC. TVl 1idiu  pPIULES5CS

Low energy strong Interactions is directly

INTERACTIONS L

3 valence quarks ~_Cms
g 0.24F= —— CMS Incl.Jet, /s =8TeV, ag(M)=0.1164' 0
S ol —e— CMS Incl.Jet, Vs =8TeV '
0.22— || —=— CMSR,,, Vs=7TeV
- | —+— CMS Incl.Jet, Vs = 7TeV
02—\ | —*— CMSHi, Vs =7TeV
N +— CMS 3-Jet Mass , Vs = 7TeV
0.18— AN —e— DO Incl.Jet
CD TN DO Angular Correlation
0.16— B i
- —4+— ZEUS
0.14 O = = World Avg og(M,) = 0.1185 £ 0.0006
0.12F~ q q
0.1
0.08—
: 1 1 11 1 I 1 1 1 1 1 11 | | 1 1 1 1 1 111 I 1
567810 20 30 40 100 200 300 1000 2000
Q (GeV)

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

10/22/18 - 10/26/18
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Many Hard

Proraccoc

Pp—jet(s) op—W/Z+X
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N = L o x (acceptance) x (efficiency)
= number of events observed

8TeV 14 TeV

33 TeV

10"

10"
10'°
10°

2
|11T1 ||J|!rl'1-: ||||nr|] ||1||I'II'I

- (p] >50 BeV)

.
“ o
L) (i s

m:
l-'-I

Events / second @ 10* cm? s™!

=k
o
ra




In QED:
Few comme nts * the electron carries one unit of charge —¢€ o
st

* the anti-electron carries one unit of anti-charge 1€
on QCD relevant ge T

* the force is mediated by a massless “gauge

when discussion boson” - the photon
hard scattering mnaco:
p rocesses » quarks carry colour charge: 75§, b B s
+ anti-quarks carry anti-charge: 7,2,b g

* The force is mediated by massless gluons

* In QCD quarks interact by exchanging virtual massless gluons, e.g. * Two new vertices (no QED analogues)
q 9 Y :
G r Qs © Gy ' triple-gluon quartic-gluon
vertex vertex
§ = g/ / 7 b+
* |In addition to quark-quark scattering, therefore can have gluon-gluon scattering
qr qb qr qb qr qb o
o
* I= .. o
Gluons carry colour and anti-colour, e.g o
qb qr qr qr < <
e.g. possible > y X A
br b i way of arranging 14
the colour flow —




At the LHC we need to have under control
both the soft (underlying event) & hard QCD

A typical (interesting) event

*+ Measurement of the forward charged
particle pseudorapidity density in pp collisions
at sqrt(s) = 8 TeV

Eur. Phys. J. C (2015) 75:126; arXiv:1411.4963

Inclusive pp, s =8 TeV

5 g

X 8:‘ -~ TOTEM: N, >1 in 3.7<1<4.8 or -7.0<n<-6.0
Z 7 . CMS-TOTEM: N_, >1 in 5.3<n<6.5 or -6.5<n<-5.3
° :
6 e ————
f i T e
[ e
] L S
4| :;_
3 ¥
~  — Pythia8 4C (displaced IP) Pythia8 4C (nominal IP) el \'\\\
2 EPOS LHC (displaced IP) - EPOS LHC (nominal IP) o
2 QGSJetll-04 (displaced IP) QGSJetll-04 (nominal IP) =
1 SIBYLL 2.1 (displaced IP) SIBYILL 2.1 (nominal IP)
ot
0 1 2 3 4 5 6 7
mi



hard processes very

often produces jets.
We are continuously
Improving our jet

reconstruction o

gluon 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, e

W: Zv HiggS) B

» all decay products of reconstructed within
one jet

- Advanced b-tagging methods

- Subjet b-tagging, double b-tagging

Higgs jet

top jet

10/22/18 - 10/26/18




Iucilritiylrily
quark
and gluon

1 "-ﬁ
« Gluon more likely to radiate a gluon
(Ca =3 vs Cf = 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

10/22/18 - 10/26/18

Three tools:

- Likelihood discriminator (3 variable)

u,dors jet

- BDT discriminator (5 variable)

- Deep neural net (jet constituents)
Quark/gluon discriminator variables:
- Jet particle multiplicity

CMS simulation Preliminary

g 1.0 I T I | ]
» Total or charged 8 . ]
o V.or N
- \Jet Shape q!.:—)' 0_6:— BO<pT<1DOGeV
. . . 3 : 00<n<13
»  major axis width © b — ctaseaman
L —ptD
»  minor axis width [ TR
_ log(p—T—é) 0.2f — ¥ log(pT/aR) /jet pT
4 AR We|ghted PT Z jet pr [

0'8 PR ST SN (NN WY T T (NN TR TR SO [T SR ST T (N S NN

0 02 04 06 08 1.0
Quark-jet tagging efficiency
CMS DP Note 2017/027

- Energy sharing (ptD)

/ 2
Ei Pti = 1 if all momentum carried by one particle

— 0 if jet has infinite number of particles
YiPTi

prD =



Pileup jets are formed from
overlapping low pT pileup particles
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
iInformation

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

Pileup jets are more defuse (overlapping
soft particles from multiple vertices)

Events/1.25 GeV

10°%}
105

10°F

CMS Average Pileup (pp, Ps=13 TeV)

- Runll: <> =34
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10°F
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3 W UME-13-005 - an
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?Th____ _uhffff!.”““”
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— |
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Aside... | am going to show several
Cross section measurements

N_,: observed number of events

_ Nobs — kag N, estimated background
O = A: detector acceptance (N, sigucial / Ngen total)
AelL &: experimental efficiency (N,..,/Ngen figucial™ Edata’ 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

10/22/18 - 10/26/18



—h —h —h —h
o o o o
N w0 N o1

—i
o

roguction Cross Section, o [pb]
o

D02
10°°

107

September 2017

CMS Preliminary

tnjeld)

bnjef(s) |

@ 7 TeV CMS measurement (L <5.0 fb™

@ 8 TeV CMS measurement (L <19.6 fb™

@ 13 TeV CMS measurement (L < 35.9 fb™)
Theory prediction

4 L. Z. CMS 95%CL limits at 7, 8 and 13 TeV

IWI

All results at: http://cern.ch/go/pNj7

7 lWY | zy |WW|WZ|ZZ lew lew lvw=Tew lew lew lew lWVY|ZYY lWY'Yl t lt

! ! ! ! ! ! ! VBE T ! ! !
GaW GaZ WW qaWy sSWW aqZy qazZ on Wttty TtZq W HZ it iggH D S0 VH T ttH T HH
EW: Wolv, Z-ll, I=e,n Th. Ao, in exp. Ac



September 2017
- —

CMS Preliminary

T
R :
Bosons | | i

, | o [pb]

LN EW

Production Cross Section
o

o

PN R R ARG T T R
10 | 1 D hihoion
¢ i ¢ v (Dibosons
b ' EEW\' '

@ 7 TeV CMS measurement (L <5.0 fb™)
@ 8 TeV CMS measurement (L <19.6 fb™
@ 13 TeV CMS measurement (L < 35.9 fb™)
- Theory prediction
N\ . Z. Zz CMS 95%CL limits at 7, 8 and 13 TeV

_4 A} A} A} A} A} A} A} A} A} : A} A} A} A} A} A} A} A} A} A} A} A} A} A} A} A} ‘_‘ A} A} A}
10 TW ¥ Z "Wy ' Z, WW Wz zZ TEW TEw S Ew CEW EW TEW Ry Iy Wyt T, W Tttty tZg W iz |t lggH|VB|_'T|VH|ttH|HHI

qqW qqZ
EW: Wolv, Z-ll, I=e,u

All results at: http://cern.ch/go/pNj7

~aqWyssSWW qaZy qoZZ "o troh

s-ch
_— Th. Ac,,in exp. Ac



“QCD” W and Z Boson P /

] q =
Production 5 W)
x1 O3 p v (0
> [ il -
& 455 _ W—>uv = 231" (13 TeV)
NI ATLAS E > —— — T —
— 40 = @ 6 — imi; =
@ = 13 TeV, 81 pb E 5 10 = CMS Preliminary —« data =
s ¥ D E = T ovsmsswpison —
c - —e— Data . r - =T _
W30 ] MC Stat. ® Syst. Unc. 3 @ 10° B EWK =
25;_ |:|W_>MV _; § E MC normalized to data (x 0.99) E
o0F- Bl Multijet E w T 7
- []z-pw E 107 = E
15— B Wty = E E
105 (X Minor backgrounds 3 10° & pair mass distributions) .
St - E :
0t . X |
5 1.4 10°
o
x 1-21
e ol 02 -
+~ 0.8 ol N R
8 0.6 e s e s AP AT TR
20 30 40 50 60 70 80 90 100 %0_0'1 ? ¢ ¢ *
EMS [GeV al o . .
r [GeV] %0 80 100 120

Missing transverse energy from the W & p+v decays Mutw) [GeV] 23



“Electroweak” W and Z Boson production

: Vector Boson Fusion  Vector Boson Scattering
We know how to reconstruct jets...

therefore we can identify:

pp& qqV or qqV'V
V=W,Z ory ..
ppi jj V pp jj VV
Process characteristics: h -9
* Tagging jets (large [An;|, m; quark tagging) e il ¢

* Little central hadronic activity (jet veto)

10/22/18 - 10/26/18



VBF:

q

q

Vector Boson Fusion

QCD Background

EWK: VBF Signal

Great topology to
search for new
high mass
resonances

~
=TTt

I ATLAS l
Vs=13TeVv,32f" ]
Zjj EW-enriched region 3

¢ Data 7
B EW-Zjj (POWHEG) =
[ QCD-Zjj (ALPGEN) ]
Corrected

Events / GeV
S

2000 3000 4000
Dijet invariant mass [GeV]

Events

VBS: Vector
Boson Scattering

35.9 b (13 TeV)

T T T T

= M, = 200 GeV CMS

==m .. = 600 GeV . s
e " Preliminary -]

- Data
I EwWww
Wz

= Non-prompt
I Others

100}
Fe
50 | TN i
_\\\\\\\\?\\\\\\\\\\\\\\\\\\w\\\\\:

2 Bkg. unc.

VBS production

q q

What d:; | mean by saying QCD or EW boson production 7

10/22/18 - 10/26/18
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WLVVL |
vanishes, only (

) W.W_ & W, W is pre, . »;
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MVV

* V_V, scattering linked to the

mechanism responsible for the
EWSB:

(massless vector) Wy, B, (massive vector) W5, W', Z,

_/ (Higgs field) H

(Higgs doublet) o, x*



Multi-bosons used to
search for new physics: X
anomalous couplings ' vy

10/22/18 - 10/26/18

Any beyond SM Interactions with
only SM fields

theory W W
v v

—

w_
For large scales E/N\ « 1, 2 4
only operators with lower 1 e E 1 r FE
mass dimension will A26 - A A48 - A
matter...
1 1 1
6 L#0 § B=0 8§ B#0

® 14 operators, 18 parameters
@ 1 operator, 7 parameters
[arXiv:1312.2014]
® 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

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




Zm—»ZQyjj (8 TeV) ZZjj—48jj (13 TeV)

| |
Anomalous couplinas s Ty S8 s
> "+ Daa ] P L R B A
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" Limiting factor: Observed statistics in the tail, B £ Tt unc.
systematics and statistical uncertainty on the S/B
model ga Will improve as luminosity increases

/A =2 Tev?

" Anomalous couplings result in an increase of cross 3
. . . PEEEE SN \\\\\\\\\\ NMHne
sections at high energies § DO HHMMIIMY
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Trl bO sSOn First study by ATLAS of 1 W W
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Role of precision EWK measurements @ Hadron Colliders

80-40 :lllllllllIIIIIIIIIIIIIIIIllIIIIIIllIIIIIIllIIIIlIIlIIIIlIIIIIIIIIlllIIIIllllIlIIIllllllllllllllllll-

To provide precise measurements of
fundamental parameters to tests the

theory: / /
Gp, M, My, sin’By,, m , My, (X

top? S

80.39 |

80.38 |-

[GeV]

em’

= 80.37F

Why? To have access to potential

N that might not be directly
Bttt ——— % | gccessible at the current center of mass

m, (GeV) energy... just as we did for the Higgs before

the actual observation

o1 t H Some tension already in
Sl ete ok data ... Better

mw=‘/- )
2Gpsin® fyy (1 +6my)
...g j PUUX uo‘luiuo

B omyy xm? sm,<inm, precision before we can
conclude if significant

80.35 |-

Freitas & JE (PDG 2018)
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CMS

X
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o
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with W’'s and Z bosons
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¢ x B [pb]

W and Z Boson
Production

| I I I LI I | I
— o CMS Preliminary, 43 pb™ (13 TeV) W —
— @ CMmS, 18 pb’ (8 TeV) W+ -
10 4l O cmsseppiTey) W .
— B CDFRunll =
— O DORunl ]
— A UA2 ]
R Z 7
3l PP
10 — =
[ A _
2 ]
1 O — ]
— Theory: NNLO, FEWZ and NNPDF 3.0 PDFs .
B | | 1 | | - I ] | | | | | | | I | B
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Center-of-mass energy [TeV
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P /
| S
E— T
1 P v (1)

* Many detailed EWK
studies possible - and
done -- with the large Z,
W samples

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



* The W* bosons carry the EM charge - suggestive Weak are EM forces are related.

* W bosons can be produced in e”e annihilation 2% U
et Wt et — AN W : E N o(Without Z")
14 YV, ©
15
e W- e ——" VW
Historical & With just these two diagrams there is a problem N
th - the cross section increases with C.0.M energy 5
€Ooretica and at some point violates QM unitarity
baCkg round of UNITARITY VIOLATION: when QM calculation gives larger “50 160 170 180 190 200 210
th e E | ectro Wea k flux of W bosons than incoming flux of electrons/positrons \/E / GeV
model roblem 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 wt e 7 Wt e —€—]AAN W

— ’}’ M Y Ve

From: -
: € w— e W= e —>—" N\ VN

M.A. Thomson

Myww + Mzww +Myww |* < [Myww + Myww|?
10/22/18 - 10/26/18 * Only works if Z, v, W couplings are related: need ELECTROWEAK UNIFICATION



Standard Model: Nature descg#ed by the Symmetry

SU(3)

‘ Colour L—‘

SU(2) x U(1)

I-»‘ Weak Hypercharge ‘

Weak Electroweak
Isospin interactions
3 symmetry groups

= Interactions described by (only!) 3 coupling constants:

9
gs, g’ g
w2z ddniversal fermion-boson couplings

Strong interactions

W




SU(2),: The Weak Interaction -

W boson "
[—> | 3 Gauge Bosons Wl‘u, qu, W3“ e—;%

W

* 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: [; =0

Weak Isospin

IW — l Ve V’J Vr u C [ o I%’ — +%
2 e La u— La T La d! La S’ L& bl L‘—I‘}/Z—%

Iy =0 (Ve)r, (€7 )R, --.(u)r, (d)r,-.. Note RH/LH refer to chiral states :

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

W = (W £ W,')




W/'s Spini-Ihdlaereforesdhipossibieipolarizations:
WL—hé I@E“ ffq#éh té( Phe qtlm emati r ..................................................................
i f'i’ieeoﬂiﬁfﬁ’&l'ﬁﬁtci@%tons = |

Both W* and W~ bosons produced with high
p, at the LHC have a dominant left-handed

polarization along their direction-of-flight

do+ (1 —cosf*)?
dcos@*de* - 4

‘|'f0.

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
. 1|)r§/cgt|on of the W, and the right-handed anti-neutrino will choose the other direction.



W-helicity and best production
mechanism of W’s with high
momentum transfer

LHC parton kinematics

10° ey = 1.2
F X, — (/14 TeV) exp(iy) : .-.E MSTWZ2008 (NNLO)
10°F Q=M M=10TeV 3 (#=10,000 Gev?
| E t
0F g/10
10°F 0.8
< Wl Dominates when starting from valence quarks
[ E I
G 0.6
10"
ke
10° +
F Y= ' 04 u W
10° 3 - +
EM:“)GQV U W
100 L
107 8 d g /
0 T B ' : ¢
X 10! 107 107 10" )

10/22/18 - 10/26/18



Polarization fraction depend
not only on 6, ¢, but also P,

and pseudorapitity y

- 0.8

—-—

0.75

0.7

0.65

0.6

0.55

0.5

0.45

\s=7TaV
WX

_ R

BlackHat + Sherpa

Difference for
those in the
forward direction

—— NLO inclusive
- NLO|y |<3

______ NLO |y"'|<2

100 200

10/22/18 - 10/26/18

300 400 500 600

P,y [GeV]

04
0.3
0.2
0.1

04
03
0.2
0.1

BlackHat+Sherpa

do (W +3jets) / do (W +3jets)

W + 3jets + X — W'/ W ratio

"M Reflects PDF's of :

the proton
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50 100

150 200 250 300
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Initial state radiation



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

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 b

Fl450:\ll‘ll\l\llll

o o

» £ F
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¢ f maco

w 3005 Ewk
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SU(2),: The Weak Interaction - Z

—> Zy

e = gw sin By = g’ cos By

e = gz cos By sin By i.e.

boson

--------------------------------------------------

sin Oy ~ 0.23 The physical bosons (the Z a;nq photon field, A ) are:
Ay = By cos Oy + W sin Oy
By, sin By -I-Wﬁ cos Oy

/

IWEAK HYPERCHARGE |

Y =20 —

213,

J Qis the EM charge of a particle

I, is the third comp. of weak isospin

Bw is the weak
mixing angle

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

87

cos By

My =

My

cos Oy




cr = I, — Qsin® By

€
CR-87 &
Z
CR = —QSiI‘l2 GW
$

T ¢
W3 part of Z couples only to
LH components (like W¥)

B, part of Z couples equally to
LH and RH components

* Which in terms of V and A components gives:

with

Cy = CL+CR =I$V —2Qsin29W

CA:CL—CRzla,

* Hence the vertex factor for the Z boson is:

—igz5 Y lev — cas) ?

10/22/18 - 10/26/18

NEUTRAL WEAK INTERACTIONS

Neutral vector and axial vector coupling in GWS model :
f c, c,
1 1
VeV, V — —
! 2 2
1 1
e, ,u, -—+2sind -—
S St 2
u,c,t 1—isin29W 1
2 3 2
d,s,b —1+Esin20W |
2 3 2




do 3 |
" 2 * *
DY to measure sinz0,, -=C|-(1+cos’0") + A, cosO
dcos0 8 |
4
Presence of vector and axial-vector couplings (and Op — Op (e A/
weak mixing angle) introduces a forward-backward A[:B = / ae)
asymmetry. This is a parton-level phenomenon that O + 0y e
we measure at proton-level.
o Neos 60N (cos 8°<0) Asymmetry uncorrected for
FB = ; ; . o e
N(cos 67>0)+N{ cos 67<0) mass resolution or dilution effects

=
< 0.6

1.0

M,; (GeV)



+ ATLAS: sin20,, = 0.23140 + 0.00021 (stat) + 0.00024 (PDF) + 0.00016 (sys)
+ CMS: sin20,, = 0.23101 + 0.00036 (stat) + 0.00031 (PDF) + 0.00018 (sys) + 0.00016(theo)

<+ Matched Tevatron precision, now targeting precision of e+e- experiments

ATLAS Preliminary

LEP-1 and SLD: Z-pole o= |0.23152+0.00016
LEP-1and SLD: A% | —e—i | 0.23221+0.00029
SLD: A B —e—i | 0.23098 + 0.00026
Tevatron B — | 0.23148 + 0.00033
LHCb: 7+8 TeV B : . | 0.23142 + 0.00106
CMS: 8 TeV B — o { "10.23101+ 0.00053
ATLAS: 7 TeV I o . | 0.23080 + 0.00120
ATLAS: et | — “|/0.23119 £ 0.00049 |
ATLAS: ee.. B e+ |023166+0.00043
ATLAS: 8 TeV ek 023140000038
023 0231 0232

10/22/18 - 10/26/18 Si n2e/e ,



? CMS Phase-2 Simulation Prefiminary 14 TeV
-~ _l | IIIIIIII | IIIIII|

10

I—
d

| Future...

4 | . )
" Running of sin?0,,
e Effective value of :;2:‘?_35“2’

L }
sin20 g depends on

loop effects T

0238F

0:238—

B Czarnecki &
Marciano
(2000)

®* Q? dependent, largest |
. when Q**M_, M, mz_
<24 <28 ey

i —+ Statistical -6~ Statistical _ ®* Want to measure o T T eV

. . sin?0 _ at different Q2
—— NNPDF3.0 nominal —&— NNPDF3.0 nominal

—— NNPDF3.0 constrained ~ —€— NNPDF3.0 constrained I - I \\f Y f\\_
Y Y Y
\_

1| ] IIIIIII| IIIIII| I1

10 1(? 10°
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Motivation for precise measurement of the

W-mass

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

sin“0, = 1

. 2/ 2
mw mz

Beyond LO : corrections depending on m,and m

top

o 1

W = V2Ggsin? 6w (1 + Ar)

ArHiggs

3Ggm? 2 .
~ — W W
W e T o m? W/\/'\O'\/\/\/

- 11GgM cos2 @ m? P
N %,H]nﬁ% o In(mn) AANNNANANNAN

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

SM fit without m,:

Previous combined measurements :
LEP m,= 80376 +/- 33 MeV

m,,= 80354 +/- 7 MeV (arXiv:1803.01853)

Tevatron m, = 80387 +/- 16 MeV




my, = 8037019 MeV (0.2 permille)

;‘ B T ] T I T T T T I T T T l ] T T T I T T T T l T ]

© 80 5__ ATLAS —— m,, =80.370 £ 0.019 GeV_-

| | Pa— G, 80.5¢ Bl =172.84+070GeV -

ATLAS S Uncerta S . m, = 125.09 = 0.24 GeV

= SRat. Tnoeriany n W 68/95% CL of m. and m, —

— Full Uncertainty 80.45[ ° w M u

LEP Comb. 80376:33 MeV _ ]

80.4— —

Tevatron Comb. @-50387+16 MeV . : . a

80.35F

LEP+Tevatron @-80385:15 MeV N ]

ATLAS 80370+19 MeV 80.3 '_ e 68/95% CL of Electroweak_]

- Fit w/o m,,, and m, ]

Electroweak Fit | _’Eli_WSBiB MeVI ' 80.05 N L o . I(El.:r‘ IThy?‘ Ji c|74 (.201,4) .:304|6J | ]
80320 80340 80360 80380 80400 80420 165 170 175 180 185

m,, [MeV] m, [GeV]

W Mass Measurement
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W Leptonic Branching Ratios

ALEPH
DELPHI
L3
OPAL

LEP W—ev

ALEPH
DELPHI
L3
OPAL

LEP W—>uv

ALEPH
DELPHI
L3
OPAL

LEP W—tv

4

e

_A_

@

23/02/2005

10.78 = 0.29
10.55 =+ 0.34
10.78 + 0.32
10.40 = 0.35

10.65 =« 0.17

10.87 + 0.26
10.65 + 0.27
10.03 + 0.31
10.61 + 0.35

10.59 = 0.15

11.25+ 0.38
11.46 + 0.43
11.89 =+ 0.45
11.18 = 0.48

11.44 = 0.22
¥Indf=6.3/9

LEP W—lv 10.84 =+ 0.09
xIndf = 15.4/ 11
'—16*11’—1?'

Br(W—slv) [%]

Lepton Universality in W-decays

If anomalies in b-meson decays into t's (D*tv) persists, it becomes more

important to revise our assumptions on Lepton Universality

10/22/18 - 10/26/18

No change
Since
2005...

TBR~2.70
larger than e/u

[
ATLAS
\s=7TeV,4.61fb"

T T T T T

I - Data
| B¥ R, LEPe'e = W'W
- R, LEP+SLDe’e > 2Z

O Standard Model

1 I 1
0.95

— ~fid
RZ = O'Z/,Y* — e'e’

1.05

i
()'Z/,Y* — IJ'+|-“-



Possible because
ttbar and tW are

=+ A
a great source of W T
W | W w 7000 1 tf/tW—>|.l+Tu
,.’. tH/tW - T, + Ty
6000 ¢ tt/tw - other
> . ¢ V+jets
& 5000 . ¢+ Data
§4ooo~ : *
§3ooo~ *
2000 *e
10001 .
S PO S S B L LT PP ®eccee
Lz)1.25< I
~ :==O=o= s P ¥ WY ;e.xi.. '.lll ]
g T
o . 0 0.751
Becoming harder to mantain low energy osol | | |
50 100 150 200 250
thresholds for single lepton triggers level Pt [GeV]

@ the LHC
s Future requires new trigger schemes 10/22/18 - 10/26/18



More tomorrow...
TODAY <4



September 2017 ' 216t CMS Preliminary
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pu L “ N @ 7 TeV CMS measurement (L <5.0 fb™)
a8 I I @ 8 TeV CMS measurement (L <19.6 fb™)
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: - Theory prediction
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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

e 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)

10/22/18 - 10/26/18

May 2017
Q  F
= 10° E =® CMS Preliminary
b E EE o T,
C onjet®s m 7 TeV CMS measurement (L < 5.0 fb')
c 104 - Lo it @ 8 TeV CMS measurement (L < 19.6 fb™)
e g g @ 13 TeV CMS measurement (L <35.9 fb™)
— . O Theory prediction
8 108 o Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV
0p) F B .
@ 102 . ° Dibosons i
O 2 |
S of
S 1oL |
8 -
S - B L
O, A1l oson L
a : EW
102F
10°3 i Dibosons
EW

10—4 W B e e P p—
W Z Wy Zy WV WZ zZ
All results at: http://cern.ch/go/pN;j7
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EW: Woly, Z-ll, I=e,u
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polarization fraction

But independent of the number of

jets for W with high p.
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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.

N(cos 8*>0)-N(cos 67<0)
N(cos 8*>0)+N( cos §<0)

Arp =

do

3A(l + cos?0*) + B 0"
oc—
dcos 0" 3 COS COS

2(P1+P2_ - Pl_P2+) v Pz,éf

\/m%E(m%E_l_p%,EE) |pz,l?£|

cos0* =

L
V2

PE =—(E; )

How to measure sin20,, at the LHC
using pp% Z ?
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AFB

0.23101 + 0.00036(stat) & 0.00018(syst) & 0.00016(theory) =+ 0.00030(pdf)

. 2 plept
sin® 0, =
0.8 T T T I I 1 I T T l T T 1 T I T T T T I T 1 T T I T T T
L[ PYTHIAG CMS, 1806.00863
" [ LONNPDF3.0

llllll|l1:l-y.,bl|:]l.bIIIIIIIIIIIII[I

0.0< IyHI <04
04 < Iy”I <0.8
0.8 < Iy”I <1.2
1.2< Iyul <1.6
1.6< Iyul <20
v 20< Iyul <24

» O m O e
lllllllllllllll'IQ'DIRIDIIIIIIII—

lll lll

|

o
o®
o T
N
o
(o JI
o

90

100 110 120
m, (GeV)

Quantum Mechanical Effects

Asymmetry Prediction

Arp

Interplay between y & Z° and the Vector

and Axial-Vector nature of the Z°
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Reduction on the uncertainty by a factor of 2 expected with 13 TeV data and by 4 at the HL-LHC



W-Mass

Determination

* Measurement based on 7 TeV data (4.6 fb-1). It takes
time to get the systematic uncertainties under

control for precision!!

* Included ~14.10¢ W leptonically decaying W

candidates

my = 80370+ 7 (stat.) £ 11 (exp. syst.) £ 14 (mod. syst.) MeV

80370 + 19 MeV,

Normalised to unity

Var./Nom.

* Technique uses template fits to the W- p; and m+

predictions

Calibration of energy scale, recoil response and

Events / 2 GeV

efficiency studies using the large Z sample. Modelling
of helicity effects constrained by W and Z data.

10/22/18 - 10/26/18

Data/Fit

arXiv:1701.07240

—ATLAS Simulation Preliminary 8 nomnai

E Vs=7 TeV, pp—~ W+X — A my,=+50 MeV E
- A n“:-SO MeV
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