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Challenges

| expected times like this — but never thought
they’d be so bad, so long, and so frequent.
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Summary of the Electroweak Sector

" The electroweak sector of the
Standard Model has five parameters
" o, Ge my m, sin’g,,
" (+m, for the scalar sector)

" However, they are not independent,
but related by theory
M2,
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" In this talk: Focus on EW observables
" Tests of the gauge structure of the
electroweak sector (e.g. dibosons,
triboson, aTGC, qTGC, ...) will be
discussed in the talk of Lara and
Emily later today
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Radiative Corrections

® Tree-level not sufficient
" The impact of corrections
stored in EW form factors

" The relation between SM
parameters appear with quadratic
dependence on m,,,, logarithmic
dependence on M,

" |dea of electroweak fits
" Measure many different
observables in the experiment
" Calculate the relations between
all observables in SM
" Probe the consistency of the
SM / Predict observables
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mm Global EW fit

[ | Input for the gObal electroweak ﬁt mostly Em Indirect determination — e

-0 Measurement
IllllllllllllIIII!IIIIIIIIIlIIIIlII

from M| e mmem
" LEP: Z boson observables My | ——'—— N
Tw| i —je—

" Tevatron: W boson, top quark mass wl s

" LHC: Higgs Boson, top quark mass (see I, —
dedicated top-session) ‘; —'—ﬁjj
AEE _._i i

" Note: improvement on m, precision leaves .7\ . "=

fit unchanged snof@)|  —e—t

" Improvement on m,, will be limited by A% e
theoretical uncertainty on pole-mass
definition (See talk by Sven-Olaf Moch) R i

" Largest discrepancy between A(SLD) and s | sma

II|IIII|IIII|IIIIIIIII|IIIIIIIIIIII

A:z"P, both sensitive to sin?0,, 3 2 4 0 1 2 3
(O -0)/ o,y

on]

indirect
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What we need: m,y, m,,,, Sin“0,,

10 -

Ay?

M
~— 30

" “Simple” thing: Test consistency of

the Standard Model o
" Current p-value = 0.22 5
" In order to match the m,, precision, g :
we would need Am,< 5 MeV h:
= Side-Note: also no T, o305 so soss Bose 207 803
measurement at LHC yet

—

N
80.39 80.4 80.41
M,, [GeV]

T e smo
LEP2/Tevatron: today
" Electroweak precision measurements 1 v 125651 Gov,
are sensitive to several new physics = e
S,
scenarios, e.g. SUSY s
" Radiative correction depends on
mass splitting (Am?) between § ]
. 80.30 | SMIM,, = 125.6 £ 0.7 Gev MssM [ |
squarks in SU(2) doublet [ ——y
" Precision on my, could significantly Tes e R e e e
m, [GeV]

limit the allowed MSSM space
[S. Heinemeyer et. al. arXiv:1311.1663]



The W Boson Mass at the LHC
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and Support Measurements owans GUTENBERG

e e —




JG|u

Measurement Principle

sonannes GUTENBERG
UNIVERSITAT MAINz

@ Pseudp Data (ru=:80.3 GeV)
| MC Template (= 9.3 GeV)
- MC Tepmpiate (=513 GeV)

" Basic approach to measure W it s oo | 1
boson mass is a template fit

" Relevant observables
" Lepton transverse momentum
" Transverse mass
" (missing transverse energy)

55 60 65 70 75 80 85 90 95 100
Transverse Mass m [GeV]

[ Approximateq LHC Detector Résolution

" Relies on perfect understanding of  Falan s ™ L
" Detector response (See talk by
Nenad this afternoon)
" Physics modelling

e  Pseudo Dath (=803 GeV)
MC Template ([j=79.3 GeV)
- MC Template (=813 GeV)

" Expect different physics modelling
effects for W*, W- and different . L . L . .

rap idities Decay Lepton p [GeV]




Modeling of Vector Boson p-
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- o F T T 11 IIIII T T T 1 IIHL 2.3Ifb‘1l (1ISITe\l/))—
30‘07; SF;JT_G) \I/\|V|IO+NNLL § 1_2:— CMS Preliminary E:;E:etphszé;::o+// ;_ 1'4:_ ATLAS \S=8|T6‘V, 20.3 fb'1 | _:
= - — Vg S r Pl g L Data - statistical uncertainty ]
- o u z ”%%VV/ © C 4
go'os :V“S §) 10 h._—(-_.....-"m ety %/ Q 1'3: B Data - total uncertainty ]
6 005; J— z: ; L+ ||||1! TR ||||\| L I//III/M/ § 12:_ RESBOSuncertainty _:
= 0.04" i\\sz g 1‘; /// 2 T 66GeV<m, <116 GeV, Y, <24 ]
L % %jjfjﬁ:ﬁ:”““:;:;éy / =+ L B
0.03 § 09F ‘f+—'r“ _1% 1.1: -
0.02 . — Illlllr —t IIIIHl —t V///‘!{ .8 :—‘_‘—'—'—-—-_L 7
= 1.1 Q 1_= [ 7
0.011- § 1.0i ’ /WWW/ - E LLLL"LF __-E
=& op ; 09 .. e
00 10 20 30 40 50 l | III\1|O l | Ill1\l)2 | 1 l \/Il/103 1 10 102 p" [Gev]
W* GeV . T
bVl eMs-PAS-SMP-15-011F+" (V] [Eur. Phys. J. C 76(5), 1-61 (2016)]
‘% 0.07r CuTe NLO+NNLL . . .
8 pp —> 2 " Modelling of p-(W) impacts directly the p;
o — uu
8 0.5 —d lepton distributions and relies on NNLO and
= 0.04) o NNLL/resummed calculations
0.03H . .
; " Idea: Precision measurement of p;(Z) and tune
0.02
oo model parameters
N 3 e " Problem: different generators predict different
0 10 20 30 40 50

b2 [GeV] transfers from Zto W
[ATL-PHYS-PUB-2014-015] " PDFs play a different role in W and Z production



PDF Effects
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[ATL-PHYS-PUB-2014-015]

" Dominating PDF uncertainties due to
uncertainty on the W boson polarization
" caused by the relative contribution of u,d,
anti-u, -d quarks and gluons
" Polarisation impacts the p; spectrum of the
decay leptons
" Uncertainties on heavy quark PDFs



PDF Related Measurements
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LHCb, \s =8 TeV o CT14
Data,,,
Data,

a MMHT14
v NNPDF30

¢ CT10

p? >20 GeV/c
o ABMI12 20<7n"<45
o HERA1S Z:60<M,, <120 GeV/c?
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L I LI ] T 177 LI T T 71 L L
J~ ATLAS [JHEP05(2014)068]
Lot = 4.6 fo"
\s=7TeV aMC@NLO
W*E-jet mCT10
Tz ) i A MSTW2008
¥ v NNPDF2.3
sy [PD] Data O HERAPDF1.5
—33.6+0.9% 1.8 [pb] O ATLAS-epWZ12
Stat
S B Stat+syst A NNPDF2.3coll
| I I | I | I | I | I | I | | I | I I | | 11 L1 | | I |
10 20 30 40 50 60 70

[JHEP 01 (2016) 155] O

o255 [pb]

" All single boson production cross-sections restrict PDFs
" Differential W and Z boson production (also at high rapidities LHCb)

" Differential precision more important than center of mass energy
" Test heavy flavor PDFs, e.g. via VB+c-jet measurements

" Even not all 7 TeV measurements are yet published



Angular Coefficients
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[ATLAS-STDM-2014-10]

" The fully differential DY cross section .

T T T T T T T T T T T

. . . < L ]
can be reorganised by factorising the < .- ATLAS E
dynamic ?f the t.)oson production, 015 =% ++++HH$ £
and the kinematic of the decay (CS- oL T FowmEesMNLOZ +++ i E
F K. %ﬁ&f’ BE
Frame) 005 !ﬁyé s
5 do = 3 do ><[(1+cos26)+Aol(1—3c0526) 0;——*_=$: ______________________________________________ —;
dpidydMdcos0d9 167 dp2dydM 2 - | .
+ A1 sin26 cos ¢ _0'055_ —E
" Uncertainties in A, B TS i
Wi” affect decay +As SiIlGCOS(P {0 O4i:MS 19.7 o' (8TeV) - 1?MS 19.7 b (8TeV)
. . +A4cos 0 0:02_ 9 , | ok D
kinematics of + Ay sin®Osin2 s = o B

Ieptons +A6 sin29 sin¢ -0.02p itrzllzlc?heraph Z:: =] ;E/E}?S;Sph
+A7 sin 0 sin ¢] 00 SrEwzino ke, tFEWZNNLO
) 0 50 100 150 200 qiS[%eS(])O 0 50 100 150 200 qi?%e\%)o
CMS 19.7 fb' (8TeV) CMS 19.7 fb' (8TeV)

" CMS and ATLAS Results: ol B Zos (B,
H H = H H , 0.04f | ngvvvhze?\ml_o wo_zsii ng\yvhze?\lNLO
" Significant differences to predictions ks I A i
" A, shows sensitivity to parton oost el

. . 0 = 1 - - E . ! A ) )

Shower |mp|ementat|0n ) 0 50 100 150 200 qis[%e\%)o 0 50 100 150 200 qis[oGe\alﬁ)o

[PLB 750 (2015) 154]



Testing with Z Bosons

" The full detector response
calibration of the m,,
measurement can be tested to a
large extend by ,,remeasureing”
the Z boson mass, mimicing the W

" Turn one decay leptonina
pseudo neutrino

" CMS note using 7 TeV data
" Validation of muon calibration
" Statistically dominated (More in
Nenad’s talk)

® Model uncertainties cannot be

easily transfered fromZto W
" Also some detector systematics
have to be treated carefully
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Mwlike - Mwliko -

Sources of uncertainty

Z
H pT | mr | 7% H PT | mr | Br

Lepton efficiencies
Lepton calibration
Recoil calibration

1 1 1 1 1 1
14| 13114 12| 15| 14
0 9113 0 91| 14

Total experimental syst. uncertainties

141 17119 12| 18| 19

Alternative data reweightings
PDF uncertainties

5 41 5| 14 11| 11
6 5| 5 6 5| 5

QED radiation 22| 23| 24| 23| 23| 24
Simulated sample size 71 6] 8 71 6] 8
Total other syst. uncertainties 24 | 25| 27 || 28 | 27 | 28
Total systematic uncertainties 28 | 30| 32 30| 32| 34
Statistics of the data sample 40| 36| 46| 39 | 35| 45
Total stat.+syst. 49 | 47| 56 || 50 | 48 | 57

W-like positive

W-like negative

CMS Preliminary

\s=7 Tev (4.7b )

pT I I] MZW-Iike_MZPDG
== Total unc.
== Stat. unc.
mT —— I I —
Exp. unc.
ET —— I MZPDG unc.
2 0
my
e
[ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
—150 -100 -50 0 100 150

50
MZVV-|Ike _ MZPDG (MeV)

[CMS PAS SMP-14-007]
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Latest Results from CDF and DO

" Proton / anti-proton collisions

reduce impact of heavy quarks
® No differences between W*/W-
" Simplier extrapolation from Zto W
" Low pile-up

" CDF measurement in e/mu channel
" Only 20% of data-set used
® Calibration via J/Psi, Upsilon and Z

" DO uses only electron channel
" Acceptance up to n<1.0
" Parameterized simulation

® DO started a first effort to allow for
an easy reavaluation of m, with
new PDF-sets
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Source

| CDF mr(p,v) | CDF mr(e,v) | D@ mr(e,v) |

Experimental — Statistical power of the calibration sample.

|

Lepton Energy Scale 7 10 16
Lepton Energy Resolution 1 4 2
Lepton Energy Non-Linearity 4
Lepton Energy Loss 4
Recoil Energy Scale 5 5
Recoil Energy Resolution 7 7
Lepton Removal 2 3
Recoil Model 5
Efficiency Model 1
Background 3 4 2
| W production and decay model — Not statistically driven. ]
PDF 10 10 11
QED 4 4 7
Boson pr 3 3 2
[Phys.Rev. D88 (2013)]
==t PDF/totalunc. @ comb Om; Op, A MET
——— DO run lIb12
RN S arXiv:1203.0293v2
e i
e e |
———— CTEQ6.1
[ ——— N preservation
———
—t+o+— MSTWO8NLO
g Om———11 preservation
L e e | »
—— —————]

80.2480.2680.28 80.3 80.3280.3480.3680.38 80.4 80.42

World average MW [GeV]
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" Factor 2-5 more statistics available .
= Newer PDF sets, e.g. CTIOW include =~ ——==%¢" " o
more recent data i cor “ 1|
" Dominant sources of W mass t At
uncertainty are the d-valence and ﬂﬂj -
d-u degrees of freedom -
" Inclusion of all LHC results on W*, T B
W- and Z will also help to improve kK W?Ez SN = =
Tevatron measurements L AR
pP— il P

" Improvement in theoretical Gk
predictions of p;(W/Z) needed in |
order to accommodate measured
p-(W/Z) spectra at Tevatron/LHC




JG|u

The Electroweak Mixing Angle

UNIVERSITAT MAINZ

' Outline
Revisiting the Electroweak Sector
W Boson Mass at the LHC

W Boson Mass at Tevatron
Electroweak Mixing Angle
Summary and Outlook



How to measure sin26,,°"

" Forward-Backward Asymmetry
" Z couplings differ for left- and
right-handed fermions
" Define A in Collin-Soper Frame
" Defined w.r.t. to incoming
quark and outgoing lepton

Ncos 9(*js >0 — Ncos 9{73 <0

AFB =
Neos ;>0 + Neos 7. <0

" Ag; linked to the weak mixing angle,
via the relation

16 (1 —4|Qy|sin’ 6w) (1 —4|Qp|sin’ 6w)

?

JG|u

sonannes GUTENBERG
UNIVERSITAT MAINz

Afrp =

3T+ (1= A0S ) 1+ (1= 40s]sin’ By

10°
% —+— data (s=8 TeV
O 4o g :
eV : B i heavy-flavour
~ E - =~ - misidentification
» 10° Z —
% tt + single top
T 10°k
-o -:-:itl-’lal
C
@ 10
o

1
10"

- Piii: 'y Sr A e
1060 70 80 90 100 110 120 130 140 150 160
m,, [GeV]

[LHCb arXiv1509.07645]



Results from the LHC
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@ F |
. 2m _t ATLAS i
" LHC-Challenge: where is the quark? =°3 o= 7ToV. 450" ==
.. e . . 0.2- electron crrrrlyreer
" Misidentified quark-direction results 5225, /<4 |
. . . : FI L oY
in dilution of Acg _0?+ﬂm' [JHEP09(2015)049]
" Forward Z events have smallest oz B
dilution effects! LHCb! -0.3- . PONNEG, 21500
] Om_..izf ...................................
" Az measured as a function of m, (LHCb) =
80 85 90 95 100 105 110
and m, /m,, (ATLAS/CMS) ] 19.7 fo” (8 TeV)
< 1-CMS
" Measurement approach o [ ‘
. ) 0.6F
" Use template fitting to extract sin“6,, +
" Alternative: Publish unfolded 02k +
measurement of A, and decouple 0- S, s
. . r A<y <
extraction of sin?0,, 02 " . baa
0.4 | 1| POWHEG
50 6070 100 200 300

M [GeV]
[CMS-SMP-14-004-pas]
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" Dominating uncertainties due to PDFs

" LEP and SLD measurement still most precise measurement
" new CDF measurement gets close to solve discrepancy
" Profiling during sin20,, fit might be able to improve PDF uncertainties

2 CC electrons | CF electrons | Muons | Combine Indirect measurements

LEP-1 and SLD: Z pOIe b 0.23149+0.00016 Uncertainty source [1074] [1074] (1074 | [107Y) LEP-1 and SLD (mt) e~ 80.363:0.020

0b PDF 10 10 9 9

LEP'1 and SLD A . —@— MC statistics 5 2 5 2
F8 0.23221:0.00029 |  Blectron cnrsy sl i 5 g |NuTev 80.135+0.085

SLD A - Electron energy resolution 4 5 - 2

= " Muon energy scale 5 2 -1 +
CMS a1 b 0.23098:0.00026| Mook | 1 | * [CDFuu9fo —o—80.365:0.047
= L Other sources 1 1 2 2 9

0.2287+0.0032 CDF ee9fb —— 80.313+0.027

ATLAS ee+uu 5" — o — .

0.2308:0.0012 | of P ' ';'?,m.;i:es; '] |CDF ee+uu 9" .—o.  80.328+0.024
-1 o~ : s=71ev: 10
LHCb uu 1-2fb % 023142:0.00107| % ok Ve=8TeV: J |Direct measurement
1 X : : /1 |TeVand LEP-2 80.385+0.015
DO ee 10 fb ~70.23147:0.00047 ob % | : 7 - e | o ! |
1 L, ) | X ]
CDF ee 9 fb” e E N 3 .
0.23248+0.00053 2r K R A [CDF arXiv:1605.02719]
-1 —— T N e e _'
CDF ee+un 9 0.23221:0.00046 o T VTS R
TR S NN A AN T AN R SR 0228 0.229 0.23 0.231 0.232 0.233 0.234 0.235 2
sin6¢ . 2 My,
sin? o' [LHCb arXiv1509.07645] z

eff
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Bs

s
-

Supporting analyses for ,real” electroweak
precision measurements are available
Experimental uncertainties are under
control

First m,, at LHC seems to be close
S ppe e a1
Suggested Talks in parallel Sessions
Vector Boson studies with ATLAS
Vector Boson studies with CMS
Challenges in or results from W mass
measurements with ATLAS and CMS

Drell-Yan production at NNLO+NNLL order
NLO QCD+EW for V+jets
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How to make sure that we can repeat
,old“ analyses?

How to organize the combination of
different my, and sin?0,, measurements?
Should we aim for a low pile-up run in
the near(er) future to improve

Hadronic Recoil Resolution

Measure p;(W)

pe o
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- Data (stat uncert.) [l Data (total uncert.) s=8TeV, 20.3 b
Do not expect that —e— DYNNLO DYNNLO+NLO EWK ATLAS
NNLO prediction yi | L | |
describes low o e l_ ........................... i‘ ......... _f .................... e .y
Ll | = T —
0.9 - 4 0.9
spectrum O_S_TTTTT ] 1 "’+++++ﬁﬁTT4T_O_8
® Parton Shower is S ol 12GeV <m <20 GeV, Iy| <24 | 46GeV<m,<66GeV,ly|<24 0
missing yi | —i | ~

DynNLO / Da

" Expect effect of NLO S:TTT?H$ } MWW' i8 ﬂ’ﬂ

e|ectroweak Correcﬁons ‘=8'.-0-7‘, 20 GeV <%m,,<30 GeV, IY"|<2.4 ' T 66 Glt-:'VfrrT,,f 116 ﬁeV‘ |Y"'|<2'.4' o7
for high p(2)

do/

1.4k - R

.. e . . 1 .......................................................................... '_.. ........................................................................ -

" Sensitivity isnotyet - _T_ ﬁ”;ﬂ #;9
high enough to O_BffTTT | | +++ -l—L i
resolve EWK 071 30 GeV <m, <46 GeV, y| <24 | 11GGeVSm"<150GeV |y.|<24 17

- - 510 160 5010 .110 " L " P 111.102 i i i PR S .
contributions p; [GeV] p; [GeV]

[Eur. Phys. J. C 76(5), 1-61 (2016)]
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W Boson Width Comparison (Indirect Determination)

" Direct measurement of 'y, T N
from LEP and Tevatron
experiments 5 cor N
" |ndirect measurement - - mem
possible via inclusive o, and o
0, measurements via o M - ® Gentral Value N ¢ .
e |__ M Stat_Uncertainty_____ SRV SRS SRS S S
+ + + ~ M Sys. + Mod. Uncertain
o(pp >W=+X)-BRW* = [Fv) . -
Riep = o(pp —2°+X)-BR(Z — ITI7) G En b ¢ N TR TR O P
Pi 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350
T, [MeV]
Iwe_= I
Rigp = W Wty 22 [PoS(LeptonPhoton2015)071]
0z Ly Lz -

" However, this assumes a SM
partial decay width
® Cannot be used for the
global electroweak fit
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What about forward muons?
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5 x10° . . x10°
8 10F LHCb. W Runll ¢ Fsemdodsia = % ,,F LHCb, W Runll ¢ Pscudodata
] - Z 7 ]
Y aoE Dy = 3.4e+06 W — nv E " Ny, = 5.4e+06 CIW —pv
= N Z bed = S I Zbgd. .
) - 5 200 —
g 120 = 2 BIDIFbed.
5 1 E "f; 150 -
= 80 — 5} .
60 = 100 -
E :
20 . 50 =
0 = 0
2 [ T ] Q T T
B = = -
e 1P —sm=s0Mev 4 +_ £ 1020 §m =50 Mev .
Y ; D ettt s st
2 ! R ¢ -
s 098 +-_ s 098| t .
s 20 30 40 £ 20 30 20
(4 Muon P (GeV) o~ Muon P, (GeV)

[G.Bozzi et. al, arXiv508.06954]
" |dea: Use forward muons at LHCb (2<n<5) to anti-correlate PDF
uncertainties
= Drawback: No E;Mss j.e. Only p; as sensitive observable
" Prediction: Improve PDF uncertainties on a combined CMS, ATLAS +
LHCb measurement by 30%



Input to the Global Electroweak Fit

" |Input for the gobal
electroweak fit
mostly from

" LEP:Z boson
observables

" Tevatron: W
boson, top quark
mass

" LHC: Higgs Boson,
top quark mass
(see dedicated
top-session)

" Note: improvement
on my, precision
leaves fit unchanged
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Parameter Input value Free Fit Result wio EXP- input . YVIO exp. input
n fit in line in line, no theo. unc

Mg [Gev]© 125144024  yes 125.14+0.24 93123 93+2¢
My [GeV] 80.385 £ 0.015 - 80.364 + 0.007 80.358 + 0.008 80.358 £ 0.006
T'w [GeV] 2.085 +0.042 — 2.001 + 0.001 2.00140.001 2.091 & 0.001
Mz [GeV] 91.1875+£0.0021  yes  91.188040.0021  91.200+ 0.011 91.2000 +0.010
'z [GeV] 2.4952 £ 0.0023 - 2.4050£0.0014  2.4946 4+ 0.0016 2.4945 4 0.0016
ol [nb] 41,540 £0.037 - 4148440015 41,4754 0.016 41.474 £0.015
R} 20.767 £ 0.025 - 20,743 +0.017 20,722+ 0.026 20.721 £ 0.026
A 0.0171 £ 0.0010 - 001626+0.0001  0.01625+£0.0001  0.01625 £ 0.0001
Ae ™ 0.1499 £ 0.0018 — 0.1472£0.0005  0.147240.0005 0.1472 & 0.0004
sin¥eg (Qre) 0.2324 £ 0.0012 - 0.23150£0.00008 0.23149+£0.00007  0.23150 & 0.00005
A, 0.670 +0.027 - 06680£0.00022 0.6680+£0.00022  0.6680 % 0.00016
Ay 0.923 +0.020 - 0934634 0.00004 0.93463£0.00004 0.93463 + 0.00003

e 0.0707 £ 0.0035 - 0.0738 £0.0003  0.0738 4 0.0003 0.0738 & 0.0002
A 0.0992 £ 0.0016 - 0.1032+£0.0004  0.1034+0.0004  0.1033 £ 0.0003
R? 0.1721 4 0.0030 = 0.17226 000009 0.17226 4 0.00008  0.17226 = 0.00006
R! 0.21620+£0.00066 -  0.2157840.00011 0.21577+£0.00011  0.21577 & 0.00004
7. [GeV] 12745397 yes 1274397 - -
s [GeV] 4.20+017 yes 4.20+0.17 - -

my [GeV] 173.34+0.76 yes  173.814+0.85(%) 177.0323(v) 177.04+23
Acd, (212)(18) 2757 + 10 yes 2756 4 10 2723 4+ 44 2722 + 42

s (M2) - yes  0.11964+00030  0.1196+£0.0030  0.1196+ 0.0028

(°) Average of the ATLAS and CMS measurements assuming no correlation of the systematic uncertainties.

(*)Avcragc of the LEP and SLD A, measurements, used as two measurements in the fit.
(V) The theoretical top mass uncertainty of 0.5 GeV is excluded.

()In units of 1075,

(2)Rescaled due to a s dependence.

[Gfitter Collaboration]
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