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The electroweak sector in a tiny nutshell

, Expanding a bit on the Electroweak sector:
The elegant gauge sector (beautifully governed

by symmetries and only three parameters for SU (2)1; QU (1)Y (from the Higgs mechanism)
EWK and one parameter for QCD at tree level) v v v
g g U
FV
;Z -l | |
= - 7" o The one-to-one relation between the couplings and the

masses of gauge bosons (at Tree level) introducing the
week mixing angle!
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Yesterday (and this morning) discussed unbroken g 2 2 cos Oy

QCD with its massless gluons
These relations translate into one parameter expected to be

1 at tree level:

For the EW sector it is another story... Gauge >

bosons and fermions have masses! . (L% v 1

Higgs mechanism is needed! mQZ COS2 QW

The Higgs is for tomorrow, but the mere presence of a This parameter can be (and has been) measured experimentally
Higgs mechanism introduces predictive relations between well before the discovery of the Higgs. Though it is one of its

gauge boson masses and their couplings. direct consequences!



The Drell Yan Z/~™ production

Measurement of the weak mixing angle



Composition of Drell Yan production

Flavour content of the pp — Z, W~ process

flavour decomposition of W cross sections
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In pp collisions a sizeable charge asymmetry
due to the valence quarks (2u vs 1d) in the
proton (difference reduces with the COM
energy as W production occurs at lower x).

For 13 TeV collisions predictions are:

ow- = 8.54 7921 (PDF) + 0.16 (TH) nb

ow+ = 11.54 7029 (PDF) £ 0.22 (TH) nb

Oy7 — 1.89 == 0.05 (PDF) + 0.04 (TH) nb

Note: PDF uncertainties are dominant.

Overall this process is O(3M) times smaller
than the total inelastic cross section.

Still O(2) Billion W boson events produced !!
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Typically in pp in leptonic modes
t=e,p,T

Br(W — qq’') ~ 70%
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flavour decomposition of Z° cross sections

Vs (TeV)

Br(Z — vv) ~ 20%
Br(Z — qq) ~ 70%
Br(Z — ¢707) ~ 3%



Where it all started: the SppS Legacy

The discovery of the W and Z bosons
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Z candidate in UA—;

Track cleaning pT > 2GeV o™
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Altogether O(100) Z events.

Already important measurements (examples):

MZ =91.5x1.2+1.7 (GQV) (UAT)
MW =381.0x0.8+1.3 (GGV) (UA2)
p = 1.004 £ 0.052 (UAT)
(UA1)

sin® Oy, = 0.226 + 0.014

W candidate in UA2

Altogether O(1000) W events
At SppS W production

dominated by valence quarks

W polarised in the anti-proton

direction.
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The di-lepton mass spectrum at LHC

Inclusive mass distributions

13.1 b (13 TeV, 2016)
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Preliminary

Trigger paths
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Y P low mass double muon + track
double muon inclusive

L, J/Psi and Upsilon in electrons
and muons are extremely
important standard candles for

calibration.
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LEP

Forward-Backward asymmetry at LEP

On peak, effect is very small, off peak

measurement are also extremely crucial.

In the Collin-Soper frame:

v ) Iz
// //,.

Direction of the negatively charged
lepton, where the axis points in the
direction of the boost

Forward Backward Asymmetry

7
o - ! Z/
B F
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___________________________________________________________ /

n Term coming from the Z/gamma*®
Z rest frame l interference

do Ara® [3
— —A(1 20

d cos 0* 3s |8 (14 cos™67) +

- The effect of the interference term increases off-peak.

- The COM frame at LEP is essentially the detector frame, at the LHC this is
not the case! Choice of frame is subtle.

- At LEP direction of charges is perfectly defined. At LHC the direction of initial
charges is less straightforwardly known. However the typically larger momentum
of valence quarks do give a direction

- Once the frame is chosen, and the direction chosen (in z boost) to quantify
the effect just count events in the forward and backward.
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Formalism of Weak Mixing Angle Measurements

A closer look at the Z coupling to fermions (through axial and vector Family A 13 @
currents):
f (), (), () ] e
ar = (L — R 2:T3 © /L )L "L —~1/2 -1
YA ! ( f f )/ f . » . , ; ,
Uf — (Lf+Rf)/2:T?—2QfSIH2 (9W €R UR TR 0 0 —1
f (u) (e) (t) 12 +1/2  +2/3
At tree level the axial and vector couplings of vector d/, >/ b/, -2 —1/3
bosons to fermions are expressed as follows: UR CR tr 0 0 +2/3
dR SR bR 0 0 —1/3
Yay = ﬁTJ%
— /3 . 2 peff which can be rewritten as and thus related to the weak mixing!
Go; = ﬁ(T — 2Q ¢ sin” 07 )
I A — vy /Gay
f — 1 )
There is an obvious asymmetry between the coupling SLC ™ (gvf /ga’f )
of the Z to Definition: Left Right asymmetry
Measured directly at O _ <= < +
A, = O —OR SLAC’s SLC with L e . ‘
= longitudinally _ m— m— +
OL _I_ OR polarised electrons! ol R € . ¢




Measurement of effective weak mixing angle at the LHC

Once the reference frame is defined, the Forward backward The size of the asymmetry as a function of the di-lepton
asymmetry can be straightforwardly measured, however mass Will depend on the rapidity of the system (how
defining the reference frame and expressing the asymmetry boosted it is in the z direction). Where a high boost

in terms of the effective mixing angle is less straightforward generates less ambiguity on the initial direction of the
but done. charge (from valence quarks).

ATLAS Preliminary

Al 0.4 CllMlsl IPreIII,??{rllally L1 1T 1 71 11 |1|8.|8| fP-1 |(8| -|I-|e\|/) LEP-1 and SLD Z-p0|e |-$_I o 023152 * 00001 6
<LL | 00<1Y, 1<04 | 04<IY, 1<08 [08slY, I<12 |12=sIY, I<16 [ 16=IY, 1<20 [20slY, |<24_| LEP-1 and SLD: Alfi,é) —e—1 0.23221 + 0.00029
F SLD: A, B —e—i | 0.23098 + 0.00026
02 I Tevatron B — | 0.23148 £ 0.00033
- LHCb: 7+8 TeV B : . . | 0.23142 + 0.00106
L _ CMS: 8 TeV B — e | 0.231010.00053
- ATLAS: 7 TeV B o . |0.23080 £ 0.00120
i ATLAS: eeccrin_ | o1 1023119+ 0.00049
02T - ATLAS: e B ——te—— |0.23166+0.00043
ATLAS: 8 TeV B — o | 0.23140 £ 0.00036
E E 023 0231 0232
.._-clU X [ ‘ Sin“e,
CDU -0.05; —
70 90 110[/70 90 110(70 90 110[70 90 11070 90 110[/70 90 110 Latest ATLAS result using forward electrons up to eta of 4.9.

M, (GeV)



W boson production

Measurement of the W boson mass
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Inclusive Precision Vector Boson Production at the LHC

With a dataset of only 4.6 fb-1 at 7 TeV,
approximately 15.5 M W+ events and 10.4 W-
events (electrons and muons).

Cross section measurement uncertainty
completely dominated by luminosity uncertainty
of 1.8%

Differential cross sections for both W, Z, and Z with
one forward electron are derived as a function of
lepton pseudo-rapidity (W) and the Z rapidity.
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Events / 0.5 GeV

Data / Pred.

Measurement of the W Mass at the LHC

A Milestone measurement! Categories are defined by the Chal‘ge Of the
reconstructed lepton, its flavor (electron or muon)
Analysis strategy based on two kinematic distributions fitted in and its pseudo rapidity.

several categories

a0° 0® mw = 80369.0 = 18.0MeV
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Events / 0.5 GeV

Data / Pred.

Measurement of the W Mass at the LHC

Categories are defined by the charge of the

A Milestone measurement!

Analysis strategy based on two kinematic distributions fitted in
several categories
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Clean energy measurement, but more sensitive to the
modelling of the W transverse momentum

Less sensitive to modelling but more difficult from to
reconstruct (based on the missing transverse energy.
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reconstructed lepton, its flavor (electron or muon)
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Top production

Measurement of the top mass



Top pair production Cross Sections

Main production diagrams Di-lepton topology: Semi-leptonic topology:
At tree level leading order %
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Single-top production Cross Sections

ATLAS Preliminary
- single top-quark production

| | | |
September 2016

t-channel

NLO+NNLL at m, = 172.5 GeV
" MSTW2008 NNLO PDF

s-channel

® t-channel 4.59 fb™' PRD 90 112006 (2014)
Q t-channel 20.2 fb_1 paper in preparation

I t-channel 3.2 fbo™ arxiv:1609.03920

B Wt 2.05 b pLB 716 (2012) 142

1 Wt 20.3 fb! uHEPO1 (2016) 064

% Wt 3.2 fb™! ATLAS-CONF-2016-065

¥ s-channel 95% CL limit 0.7 fo™' ATLAS-CONF-2011-118
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172.34

Data/MC Permutations /5 GeV

Measuring the top mass from event kinematics

Direct measurements made using template fit to the reconstructed mass spectrum.

Latest CMS result

x10° CM 35.9 fb’' (13 TeV)
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ATLAS+CMS Preliminary My, SUMMary, s =7-13 TeV September 2017
LHCIOpWG
"""" World Comb. Mar 2014, [7] I —r—t l
stat total stat
total uncertainty ) Myop * total (stat = syst) s Ref.
ATLAS, l+jets (*) s 172.31= 1.55 (0.75 = 1.35) 7 TeV [1]
ATLAS, dilepton (*) —t—t— 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
CMS, I+jets ——— 173.49 = 1.06 (0.43 = 0.97) 7 TeV [3]
CMS, dilepton F———e—t— 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
CMS, all jets —te—— 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]
LHC comb. (Sep 2013) LHCtopwG =+ 173.29 = 0.95 (0.35 = 0.88) 7 TeV [6]
World comb. (Mar 2014) - 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, I+jets —H—=—H 172.33 + 1.27 (0.75 = 1.02) 7 TeV [8]
ATLAS, dilepton I—-I—I—l—l 173.79 = 1.41 (0.54 = 1.30) 7 TeV [8]
ATLAS, all jets H = — 1751+ 1.8 (1.4 = 1.2) 7 TeV [9]
ATLAS, single top I —a—t——] 172.2 + 2.1 (0.7 = 2.0) 8 TeV [10]
ATLAS, dilepton - 172.99 = 0.85 (0.41x 0.74) 8 TeV [11]
ATLAS, all jets —=—— 173.72 + 1.15 (0.55 = 1.01) 8 TeV [12]
ATLAS, |+jets = : 172.08 = 0.91 (0.38 = 0.82) 8 TeV [13]
ATLAS comb. (ﬁ‘;gé";;) H*H : 172.51 = 0.50 (0.27 = 0.42) 748 TeV [13]
CMS, I+jets T o] i 172.35 + 0.51 (0.16 = 0.48) 8 TeV [14]
CMS, dilepton | oy | 172.82 + 1.23 (0.19 = 1.22) 8 TeV [14]
CMS, all jets e 172.32 = 0.64 (0.25 = 0.59) 8 TeV [14]
CMS, single top I—l—‘--l—l 172.95 = 1.22 (0.77 = 0.95) 8 TeV [15]
CMS comb. (Sep 2015) Hv : 172.44 = 0.48 (0.13 = 0.47) 7+8 TeV [14]
CMS, l+jets F—e— 172.25 = 0.63 (0.08 = 0.62) 13 TeV [16]
[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427 [13] ATLAS-CONF-2017-071
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C75 (2015) 330 [14] Phys.Rev.D93 (2016) 072004
(*) Superseded by results % éﬁfﬁﬁfs(ﬁ"é?; 1(3{;’12) 2202 ﬁlnE ATLAS CONF.2014.055 HZ} CMS.PAS TOP.17.007
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Data/MC Permutations /5 GeV

172.34

Measuring the top mass from event kinematics

Direct measurements made using template fit to the reconstructed mass spectrum.
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Digression on the Mass Measurement

The relation between the parameter which is varied in the Monte Carlo to
derive templates and the Field Theoretical parameter of the pole mass is not

straightforward.

The top decays before it hadronizes.

But the top is coloured, so it is impossible to unambiguously associate
every object in the final state to it!

These ambiguities lead to an uncertainty on the top mass measurement,
these are for stated as uncertainties on the top mass measurement. The
uncertainty or the ambiguity varies between 1 GeV and 200 MeV.

The Field theoretical parameter pole mass can be measured using the
top production cross section!

The Field theoretical parameter pole mass can be measured using the
top production cross section (at the cost of introducing a dependence
on the production prediction).

Cross-section [pb]
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Digression on the Mass Measurement

Colour connection

The relation between the parameter which is varied in the Monte Carlo to through hadronisation

derive templates and the Field Theoretical parameter of the pole mass is not

straightforward. l [0
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Diboson production

In a nano nutshell



Di- (and Tri-) boson measurements at the LHC

Large number of diboson processes measured and used
to constrain anomalous gauge couplings

Diboson Cross Section Measurements Status: July 2017

T T T T | T I T | T | T | T T AA T | T | T | T | T I T | ° d ff ° l
F 1525007 0707850 G R Measuring more rare and difficult processes
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Global Fit of the Standard Model



Global Fit of the Standard Model

Note: we have assumed the existence of a Higgs field giving
j W = v  The Electroweak gauge sector
i a1

© a vev (v), but have not sensed any of the effects of the Higgs
St At tree level, fully described particle.
- L by three parameters
i V’?/ i At loop level: all other fields enter the game through loop

corrections which can be parametrized.

g,¢,andv p =1

T
Gr = NGIVE: (1 M2, ) (1+ Ar) These corrections can
Trade these parameters for precisely measured w M then be computed as a
observables function of all other
sin? Qafff — Sin29w X (1 + A,.i) parameters of the
- The fine structure constant : Standard Model
o = 1/137.035999679(94) 107 514 Ap
Determined at low energy by electron anomalous
magnetic moment and quantum Hall effect t H
- The Fermi constant : i , " . " TN s
Gr = 1.166367(5) x 107°GeV "2 o= W
Determined from muon lifetime
b1 W, Z
- The Z mass : ’ M
9 H
Mz = 91.1876(21) GeV 10+ X M x log

Measured from the Z lineshape scan at LEP MZ



Global Fit of the Standard Model

A global fit of all relevant measurements can be then done to check the consistency of the Standard Model
and predict parameters that are unknown: Higgs boson mass!

o 10 i =
< OF e @ et e —E 30
o E E Indirect measurement of the Higgs boson mass
= through its quantum effect on the precision
! E observables.
6 —
5 | = _ +30
A A e — 20
3 Theory uncertainty =
) | — Fitincluding theory errors - Before the discovery of the Higgs boson!
---- Fit excluding theory errors -
1 o R (- - - - - - - - - - —; 1o
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Tomorrow: The Higgs!!
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