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Electroweak processes at hadron colliders
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One of the most studied and precisely measured
processes in hadron colliders

PDF
QCD

ﬁ* — r EW 1

yd

—

® Several cross section
measurements (total,
fiducial and differential)
performed at CMS — see
talk by Jay Lawhorn.

® Focus here on very precise
measurements of Z and W
boson production and
decay.
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Several aspects only partially understood:
® Resummation at low pr
® Higher-order QED correction
@ Effect of heavy quarks in the initial state
® Power corrections
Can very precise measurements help understand
these issues?
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ratio (exp./th.) of total cross sections and ratios
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Precision measurements
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® Measurement of ratios of production cross sections

(i) / (
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07z dp%

)

1
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@ Differential cross sections of high-resolution observables

o = tan (P2 ) sin0;)  Guon =6 - A0 0= taukl(y- —7.)/2
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@ Effective weak mixing angle sin(9£3)

® W-like Z boson mass
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~ First presented at
EPS-HEP this year!
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Production cross section ratios
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19.7 b (8 TeV)
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@ For Z ptr < 100 GeV, ¢* ~ pt
® Much better resolution at low
¢* (low Z prt) since only the

tracker is used

® Similar disagreement
observed in Z pr differential
Cross section measurements.
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¢* differential cross section at 13 TeV
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® The mixing angle is measured using the forward-
backward asymmetry in Z events.

® Whether an event is forward or backward is
defined by the angle of the negatively charged
lepton in the Collins-Soper frame

bo— -
cos0* — 2(pi P, —P1P3) o P,

V/ M2(M?2 + P3) )

@ The weak mixing angle is extracted using mee

templates where the vector couplings of leptons
to the Z boson are varied:

f
af = T3,

Weak mixing angle measurement

AFB

A Arg
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CMS SMP-16-007
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This is the tree level relation.
After renormalization, the
angle is called the effective
mixing angle 6%+
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Weak mixing angle and PDF

® The forward-backward asymmetry depends strongly on the

initial state quarks and on the dilepton rapidity
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@ Therefore, the CMS measurement uses mee templates in six different dilepton

rapidity lyeel bins.

@ Similarly, NNPDF3.0 MC replicas are used to reweight the templates and reduce the
PDF uncertainty in the measurement.
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Event selection i
CMS SMP-16-007
@ The measurement uses events with two electrons or 8TeV, 19.6 fb!

two muons selected by single leptons triggers.

@ In the muon channel, the leading and sub-leading muons are required to satisfy
pT > 20 and 15 GeV respectively. In the electron channel, the leading and sub-
leading electrons are required to satisfy pt > 30 and 20 GeV respectively.

® Z boson decays are selected with lysel < 2.4 and 60 < mee < 120 GeV. The mue
distribution is used to calibrate the electron and muon energy scale and resolution.
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Not all events are born equal ¥
CMS SMP-16-007
@ Events with different cos(6*) have different sensitivity 8TeV, 19.6 fb

to the weak mixing angle.

® CMS weighs each selected event with a weight proportional to their sensitivity to
the forward-backward asymmetry

2
wp = 1 C2 55 4“““'“ Denominator (normalization) weight
2(1+c?+h)
_ 1 I o .
WN 21+ +h)? «§—— Numerator (asymmetry) weight

Ag = Ao(mee, 07, yee) from the angular
decomposition of the Z decay cross section
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Observed distributions

@ Data-MC comparison of mee templates with best fit sin(6%:#s)
In lyeel bins after PDF reweighting.
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@ PDF reweighting using MC replicas was first proposed
in Nucl. Phys. B849 (2011) 112-143 [arXiv:1012.0836].

Impact of PDF reweighting
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CMS SMP-16-007
8TeV, 19.6 fb

® Each MC replica of the NNPDF3.0 ensemble is weighted with a probability density
determined by comparing the Ars values between data and MC.
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PDF Replicas
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Weak mixing angle results

Combined results

2= Fermilab

CMS SMP-16-007
8TeV, 19.6 fb

sin? 0.F* = 0.23101 4 0.00036(stat) 4 0.00018(syst) & 0.00016(theory) 4 0.00030(pdf)
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Uncertainty sources

= (0.23101 £ 0.00052.

Source muons | electrons
MC statistics 0.00015 | 0.00033
Lepton momentum calibration | 0.00008 | 0.00019
Lepton selection efficiency 0.00005 | 0.00004
Background subtraction 0.00003 | 0.00005
Pileup modeling 0.00003 | 0.00002
Total 0.00018 | 0.00039
model variation Muons | Electrons
Dilepton pr reweighting 0.00003 | 0.00003
QCD pug/F scale 0.00011 | 0.00013
POWHEG MINLO Z+j vs NLO Z model | 0.00009 | 0.00009
FSR model (PHOTOS vs PYTHIA) 0.00003 | 0.00005
UE tune 0.00003 | 0.00004
Electroweak (sin? O:Eft — sin? Ggf’fd ) 0.00001 | 0.00001
Total 0.00015 | 0.00017
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Comparison to other results

CMS ee+uu . 0.23101 = 0.00052
CMS ee 19.6 fo’ o | 023056 = 0.00086
CMS . 18.8 fo 0 | 023125 + 0.00060
lHCb e’ | — - o 0.23142 = 0.00106
ATLAS ee+up 4.8 fb™ . h 0.23080 =+ 0.00120
DO ee 9.7 fb” ——— h 0.23147 + 0.00047
CDF ee+up 9.4 fb™ ——— N 0.23221 + 0.00046
o e G _ oo < 0 000me
LEP + SLD: A —o— | 023221 0.00028
LEP + SLD . N 0.23153 = 0.00016
0.123 0.2131 0.2I32 | 0.233
sin20°™
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in? 6" = 0.23101

Weak mixing angle results

Combined results
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8TeV, 19.6 fb

+0.00018(syst) =+ 0.00016(theory) = 0.00030(pdf)

Comparison to other results
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Combined results

000036('stat) '

in? 0" = 0.23101 = 0.00052.

Uncertainty sources

Source » » | muons | electrons
{ MC statistics 0.00015 | 0.00033
Lepton momentum calibration | 0.00008 | 0.00019
Lepton selection efficiency 0.00005 | 0.00004
Background subtraction 0.00003 | 0.00005
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Total 0.00018 | 0.00039
model variation Muons | Electrons
Dilepton pt reweighting 0.00003 | 0.00003
QCD pug/F scale 0.00011 | 0.00013 i
P INLO Z+) vs model | 0.00009 | 0.000
FSR model (PHOTOS vs PYTHIA) 0.00003 | 0.00005
UE tune 0.00003 | 0.00004
Electroweak (sin? Gﬁft — sin? 9:f’fd ) 0.00001 | 0.00001
Total 0.00015 | 0.00017
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Weak mixing angle results
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Combined results

000036('stat) '
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Uncertainty sources

Source » » | muons | electrons
{ MC statistics 0.00015 | 0.00033
Lepton momentum calibration | 0.00008 | 0.00019
Lepton selection efficiency 0.00005 | 0.00004
Background subtraction 0.00003 | 0.00005
Pileup modeling 0.00003 | 0.00002
Total 0.00018 | 0.00039
model variation Muons | Electrons
Dilepton pt reweighting 0.00003 | 0.00003
QCD pug/F scale 0.00011 | 0.00013 i
P INLO Z+) vs model | 0.00009 | 0.000
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Weak mixing angle results
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Combined results

000036('stat) '

in? 0" = 0.23101 = 0.00052.

Uncertainty sources

Source » | muons | electrons
{ MC statistics 0.00015 | 0.00033
Lepton momentum calibration | 0.00008 | 0.00019
Lepton selection efficiency 0.00005 | 0.00004
Background subtraction 0.00003 | 0.00005
Pileup modeling 0.00003 | 0.00002
Total 0.00018 | 0.00039
model variation Muons | Electrons
Dilepton pt reweighting 0.00003 | 0.00003
QCD pug/F scale 0.00011 | 0.00013 i
P INLO Z+j vs model | 0.00009 | 0.000
FSR model (PHOTOS vs PYTHIA) 0.00003 | 0.00005
UE tune 0.00003 | 0.00004
Electroweak (sin? Gi?t — sin? 9:f’fd ) 0.00001 | 0.00001
Total 0.00015 | 0.00017

Rafael Coelho Lopes de Sa

Weak mixing angle results

2= Fermilab

CMS SMP-16-007
8TeV, 19.6 fb

+0.00018(syst) =+ 0.00016(theory) = 0.00030(pdf)

Comparison to other results

CMS ee+un

Preliminary

CMS ee 19.6 fb™

Preliminary

CMS pp 18.8 fb™

Preliminary

LHCb pu 3 fb

ATLAS ee+up 4.8 fb™

Q
L

TeV combined: CDF+DO
July 2017: preliminary

i

0.23101 = 0.00052

0.23056 + 0.00086

0.23125 = 0.00060

0.23142 = 0.00106

0.23080 = 0.00120

10.23148+0.00033

SLD: A —O0— 0.23098 =+ 0.00026
LEP + SLD: A —O0— 0.23221 + 0.00029
LEP + SLD —— 0.23153 = 0.00016
| | |
0.23 0.231 0.232 0.233
lept
sin 6 P
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Studies towards a W mass measurement

® CMS has performed a measurement of the Z boson mass
using methods similar to those used for a W boson mass
measurement.

2= Fermilab

CMS SMP-14-007
7TeV, 4.7 fb

® The measurement uses Z—uu decays where one of the muons is removed from the
Z boson reconstruction. Muons are required to have Inl < 0.9 and pt > 30 GeV.

@ Half of the reconstructed Z bosons are used for recoil calibration. Muon momentum
calibration is done with J/¢ and Y decays.
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Observed distributions

® The Z boson mass is measured using mr, pr, and Ey™'ss

templates with different Z boson mass.

2= Fermilab

CMS SMP-14-007
7TeV, 4.7 fb

® Templates are generated by reweighting the MC simulation using Breit-Wigner
factors with different input masses.

CMS Ppreliminary Vs=7 TeV (4.7 fb)
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. aF Fermilab
W-like Z boson mass result
cms fom7 Tev (47 0°) CMS SMP-14-007
Prelimi s=/ le .
— g @ IMportant first step towards | 7TeV, 4.7 fo-!
g ™ — otalune. a W mass measurement.
2 m, —p — T @ Experimental methods for muon momentum and
o) Xp. unc. . . .
-’;‘ recoil scale calibrations are under control.
& — My unc. ® The next step is to understand how to
o P e i— extrapolate this results to W boson events
8 ® Need to understand well theoretical differences
[} .
. e ff—— between W and Z production at the LHC
Ze S | o
T M‘Z/vhke—l— Mzwhke
-150  -100 50 0 50 100 150  Sources of uncertain m m
M ke pp POG (\Mev) = ty pr | mr | Br || pr | mr | Br
Lepton efficiencies 1 1] 1 1 1] 1
Lepton calibration 14| 13|14 || 12| 15| 14
statistical component. :l;(;tal experlzlental syst. }:mcertamtles 1451 1Z 12 1421 1? ﬁ
L - - ternative data reweightings
® QEQ rgdlatlon unc.ertamty IS very PDF uncerfainties |l =l 5l el 5| s
preliminary and will be re- QED radiation 2| 23|24 23| 23| 24
evaluated for a final W mass Simulated sample size 7| 6| 8| 7| 6| 8
measurement. Total other syst. uncertainties 24 | 25 | 27 || 28 | 27 | 28
@ No Z = W extrapolation Total systematic uncertainties 281 30 | 32| 30| 32| 34
uncertainties (experimental and Statistics of the data sample 40 | 36 | 46 || 39 | 35 | 45
Total stat.+syst. 49 | 47 | 56 || 50 | 48 | 57

theoretical)!
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e .
A quick look at other W mass efforts a Fermilab

Uncertainties in the recent ATLAS W mass measurement
[from S. Camarda @ W mass workshop at CERN, and arXiv:1701.07240]

Includes also Al uncertainties

Elec. Recoil Bckg.( QCD | EW

Rafael Coelho Lopes de Sa
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Combined Value | Stat. Muon PDF | Total | y?/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. |Unc. | Unc. Unc. | of Comb.
P%;, W=, e 80347.2 9.9 0.0 1438 2.6 5.7 8.2 5.3 23.1 4/5
my, W*, e 80364.6 | 13.5 0.0 144 13.2 12.8 9.5 34 30.8 8/5
Pé, W=, u 80382.3 | 10.1 10.7 0.0 2.5 3.9 8.4 6.0 21.4 7/7
mt, W*, u 80381.5 | 13.0 11.6 0.0 13.0 6.0 0.6 34 27.2 3/7
g 18— 3 g 1 : : inties:
S, opet ATLAS wow ERE: paL "l : Main theoretlcal.uncertalntles
hr 102 \s=7TeV, 411" e priniagaz ] é 1.08~ \s=7TeV, 4.1 fb" ;P:::iaa/\z - @ QCD modellng of W and
& 4015 T PownogMINLO+ Pytias] & 1.06 Bg B e RIEEL Z production in hadron
1.01 = collisions
1.005 il 3 © PDF modeling
17
09951 = - falta .
000k ATLAS uses a dedicated
Pythia tune to model W and Z
s 5 10 15 20 25 3¢ roduction
u, [GeV] P .

Electroweak Precision Measurements with CMS



CMS

3 -
Conclusions 3¢ Fermilab

®

CMS has a strong program of electroweak measurements. Several W and Z boson cross
sections have been published at 7, 8, and 13 TeV.

Some of these measurements can be performed with very high precision. Examples are
cross section ratios, asymmetries, and differential cross sections of high-resolution
observables.

The (do/dptV)/(do/dpt?) measurement performed at low instantaneous luminosity
shows some tension with theoretical predictions, but the current precision is not
sufficient to resolve the Sudakov peaks.

The ¢* differential cross section measurement probes the same type of physics as the
Z pt differential measurement but with much higher precision. The measurements at 8
and 13 TeV show clear tension with theoretical predictions.

The CMS measurement of the effective weak mixing angle sinB%g with the complete 8

TeV dataset is presented. The uncertainty is twice as large as the world best single
measurement, but most of the uncertainty is from the statistical component and will
improve in the future.

Finally, a future W mass measurement at CMS is discussed, highlighting the steps taken
towards this measurement, what remains unknown about DY production at hadron
colliders, and how high precision measurements can help improve our understanding.
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