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Some facts about Mainz

= Mainz is small town, but capital of .
Rhineland-Palatinate -

= Next to the river Rhine (with some
quite nice castles)

= 20 Minutes from Frankfurt
International Airport

= Founded by romans 2K years ago

= The cathedral is only 1000 years
old (and burnt down several times)

= Time-Magazine’'s man of the
millennium:

= Johannes Gutenberg, who
invented the printing press in
Mainz
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Johannes Gutenberg University

= Founded in 1477 and reopened
by the French occupation forces
in 1946

= 37.000 students for all subjects
(bachelor, master, PhD)

= German cluster of excellence
PRISMA for fundamental physics

= Own electron accelerator MAMI and
research reactor

= 60 physics professors and
research groups: LHC, IceCube,
Xenon, SOX, NA62, JUNO, ALPS,
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Summary of the

Electroweak Sector

" The electroweak sector of the
Standard Model has five
parameters

" d,m G My My sinZ6,,
" (+ my for the scalar sector)

= However, they are not
independent, but related by
theory

sin’g,, :1—m—V2V
mZ
22 _ pa
m.sin’g,, =
J2G,
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Radiative

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

= The relation between SM
parameters appear with
quadratic dependence on my,,
logarithmic dependence on M,

= |dea of electroweak fits
= Measure many different
observables
® Calculate the relations
between all observables
®" Probe the consistency of
the SM / Predict

observables S
Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz)

Corrections
f H Z/W
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sin%’ = f-:,z sin“ 0,

gv.f =\/ pé(f:} 2Qf Sln@gﬁ)

ga,f = ng{
M2 1+A
2 GrMz

Myy (Wn(Ma), m?, Mz, Aol (M2), a5 (M2))

sinfy (In(My), Myr,m?, Mz, Ao, (M), 5(M3) )
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to the Electroweak Fit

- Prepared using LEP EWWG Plots from 1996 Prepared using LEP EWWG Plots from 1997

6
“e F —— Central Fit e —— Central Fit
<] 5 [ ] Theory Uncertainty < 5 |:| Theary Uncertainty
|:| Direct Exclusion
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" Success of the Fit;

Amazing predictions!

= Top-Quark mass before its
discovery

® Higgs-Boson mass before
its discovery and the
funding argument for the
LHC
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Prepared using LEP EWWG Plots from 2005
]

2 Y
7 Central Fit (cy;),=0.02750 { —— Cenfral Fit (o) =002750)
'.CI Theory Uncertainty - [ Theory Uncertainty
1 ‘.'__-']:| Direct Exclusion 7 [ pirect Exclusion
(/L === Fitwith o®) =0.02749 - ==~ Fitwith o) =0.02749
0 G P ow @ | Lo N Fitind low GPdara |
50 100 150 200 250 300 50 100 150 200 250 300
my [GeV] my [GeV]

= Main inputs to the gobal electroweak fit

LEP: Z boson observables

= Tevatron: W boson mass, top quark mass
= LHC (today’s focus)

®" Higgs boson mass

=" Top quark mass

= Electroweak mixing angle

= W boson mass
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Why Is the fit still

Interesting?
= So far a “simple” thing: test W b, HY, A%, H*
consistency of the SM W O
® Current p-value =0.24 me e~ A e A~~~
W:l: \\\__,’/ Wi W:l:
hO,HO

= But electroweak precision
measurements are sensitive to
several new physics scenarios,
e.g. SUSY g O tenenbegzots ' [ ifer
= Radiative correction depends & Preliminary
on mass splitting (Am?) a: |
between squarks in SU(2) 042 conours rct i, m
doublet
" Precision on m, could
significantly limit the allowed

Inspired by [S. Heinemeyer et. al. arXiv:1311.1663]

80.34
M SSM Space Direct Higgs Discovery
80.32 1 | | | | | | | | | | | | | | | | |
168 170 172 174 176 178
m, [GeV]
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Gfitter,

could be a hint to new physics
2 [T EWK Fit (€

EWK Fit (

with the global electroweak fit and compare

to the direct measurement
= When we find a significant tension, then this

5
-
o
e
18
h'e
=
w
™

= General idea: predict a certain observable
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Higgs Boson Mass

19.7 fo™' (8TeV) + 5.1 fio! (7TeV) Overview of m, Measurements
g :lll T T ||\|||I T T ||\|||| T T |\||||I T : t_!::"?”‘ ; é i - . n %h
= Lt CMS 1 ATLAS H—ZZ* — 41 o f | L
Q 1 t 4 —e— Observed Vs=7TeV, 45f5" Mo 770 8 i :
> F W ---=- Expected ls=8TeV,20315' 1509.07866 ! ») _
()] F o SM=1o . ; ] : ; :
bl [ [==68% CL B 0 SM =20 H—>WW" = evuv R TR STt Mt | S S
5 p © CJosu=30 ls=8TeV,20316 Hory L ememn ——
L V0F|—9s%cL — v i
- |---SM Higgs 1o 4l — Eiﬂiﬁfﬁb' | . A —
") N I - N IS BN (0 RS SRR || B R S
107 { ol I [ = . —
i 10 rl l Ll E
103k (M, ¢) fit i 0_. l s L. ! &l::s:r:;m ———
8 —68% CL ; -10f l . l . l L ______ Wl Totalune. | . S
—95%CL | | 28 ] IT‘:E%%T‘” ¥ . . D;V;:WZVSL?E L
10‘4 0:1 I H”.II —= Im.ilo u.1|60 I 90 JPe00 JPe J:’;z* .1:’;2' ‘{sz .{':2* 77777777777777777 1é4 125 ‘ 1§6 127 0.‘2 0.4
Particle maSS (GeV) 0GeV  p<125GeV  p 300GV p <125 GeV my [GeV] Rel. Unc. [/6]
. - - - -
Only the mass parameter of the = |nofficial combination of latest
Higgs enters the fit measurements, yield to

" have to assume that the “Higgs” " M,=125.10 + 0.14 GeV
IS really the Standard Model " with a x2/n.d.f. = 8.9/6
Higgs boson

= Coupling and JPC = Change of precision from

measurement look pretty much 0.1GeV to 1.0 GeV, changes the
like a SM-Hi ' b ’
ke a SM-Higgs x2 of the fit by only 0.005
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Interpretation of the Higgs

Boson Mass

< 1OF dirett Detormination ok, |/ T3
: . < W wessareEi - e e >
= |ndirect prediction - Z;a:i'f;';: |
. — ! imer
of the Higgs boson 8F N |
. = = EWK Fit without m,, (Gfitter)
mass IS 7; = EWK Fit (GAPP)
" M,=92.0+20 GeV =
5F-
= Perfect knowledge =
of my, and/or B
sin?0,; would 3
reduce uncertainty 2F
to 10 GeV D SN S
IIIIIIIII|IIII|IIII||||||II|I
80 90 100 110 120 130 140 150 160
m, [GeV]
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Measurement of the Top

Quark Mass (1/3)

= Several approaches to measure O B
the kinematic top-quark mass e
(template-method, matrix-element ol
method, ideogram method, ...)

m, [GeV]

= World average dominated until

2011 by Tevatron, then LHC i
started to play crucial role - S e S W
Year

= |mportant: EW-fit needs pole mass f’éfg::é_ gl

of top-quark as input, but measured a3 i MG Tampit (178G

m,,, at Tevatron and LHC is a MC ool et

parameter

= Assume additional uncertainty of

300-500 MeV (not known if this is
conservative)

180 190 200 210
mfece GeV
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Measurement of the Top

Quark Mass (2/3)

= Zooooc“ﬁﬂmzﬁmﬂ'ﬂet;‘%ﬁ; (8 Tev) Experiment | Channel | Method | Value Stat. Sys. Total Jet Exp. i Model | UE + Had i
g:gggg '-'E.:‘:Lr':“%‘"“ ﬁ‘z;?,.':’,‘.:::“"" ] [GeV] | Unc Unc. Unc. Unc. Unc. 1| Unc Color Unc i
g 14000 Bofore kinematic fit | [GeV ] | [GeV] | [GeV] | [GeV ] | [GeV ] | [GeV] | [GeV] | [GeV ]t
s 10000 ! E CDF l+jets | Template | 172.85 | 0.71 0.85 1.11 0.55 0.60 : 0.1 0.22 0.57 |
[ 1
E CDF vjets | Template | 173.93 | 1.64 0.87 1.86 0.48 | 056 || 0.32 0.33 0.36 !
1
o DO I+jets M.E. 174.98 | 0.58 0.49 0.76 029 | 032! 0.19 012 | 0.26 |
= B 1
| 1 e CMS l+jets | AMWM | 172.82 | 0.19 1.22 1.23 034 | 0.81 1| 0.84 0.1 0.79 !
R T 300 300 400 ' |
o [GoV] CMS I+jets | Ideogram | 172.35 | 0.16 0.48 0.51 012 | 043 !'| 0.15 0.08 | 033 |
1
. 89 9 |
CMS  Loptonsjets, 197 (8 Tev) CMS I+jets | Template | 17222 | 0.18 | 955 | *0%. | 045 017 i 046 | 017 | 051 i
3200 mycoren | BRG] ATLAS I+jets | Template | 17233 | 075 | 1.03 | 127 | 064 | 062 !| 048 [ 019 | 0.18 1
o> 10000/ [Iriunmatched [ GdD multijet | . - ! i
o o B = Beoan DO semi-lep. | Matrix | 173.93 | 1.61 0.88 1.83 0.67 | 0421 036 0.15 0.31 !
@2 . 4 After P, selection |
g 6000 ATLAS semi-lep. | Template | 172.99 | 0.41 0.74 0.85 0.62 | 030 !| 025 0.11 0.22 i
£ 4000 ATLAS semi-lep. | Template | 172.08 | 0.39 0.82 0.91 0.56 | 0.43 i 0.20 0.21 0.15 |
& 2000 CMS semi-lep. | Ideogram | 172.25 | 0.08 0.62 0.62 039 | 019 !| 027 032 | 0.10
% 18 _ CDF fullhad. | Template | 175.07 | 1.19 1.55 1.95 112 | 098 1| 028 032 | 029 |
= i N T !
B osl—b si6 56 o ATLAS fullhad. | Template | 173.72 | 0.55 1.01 1.15 069 | 068 i 02 0.2 0.64 !
. 1
mi* [GeV] CMS fullhad. | Ideogram | 17232 | 0.25 0.59 0.64 028 | 041 '| 0.24 0.21 0.3 1

= Most precise measurements performed in the lepton+jets channel
= Significant differences in assigned model uncertainties of different experiments;

= Most precise value from CMS(@Xiv:1509.04044): m MC = 172 35+0.51 GeV
= ATLAS combination (8 TeV semi-leptonic+others): mM¢ = 172.69+0.48 GeV
= Already close to 300-500 MeV theory uncertainty level

= Recent ATLAS of m,,, measurement (ATLAS-CONF-2017-044): m pole = 173.2+0.9+0.8+1.2
Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 15



Measurement of the Top

Quark Mass (3/3)

_______________________ wmuremems

= No official combination of COF (optorwiets) | m :
latest ATLAS and Tevatron | & | =
results Dzero plonsies) | —
8 Dzero(driepion) | | wewewews .
CMS (dHepton) _._ 5 : : i
= Preliminary combination G (ai ot  mem
. . CMS lepton+jets i ; i
= Correlations are estimated = :df:'epm’n,” . s
. .. : — w—
from previous official VS (G0N0 | g
combinations S | :
. .. . . ; H @® Measurement
= Take individual combinations Jpm ',:_ Bstet ure
from all four experiments as & ;Ls“f“"“;”} o ———— — Nyl
We” aS neW 13 TeV I ATI'L:QS Ecross -section) |:|Relaln.re Unc.

. ——L——-—*L-—-—-—-L———
measurements into account oo e 1re m‘[gew o Umf[o/]
. t - - L7e
= Observe tension between DO

and LHC by 2.50 | = Assuming additional 320 MeV for m
= driven by DO lepton + jets VS my, interpretation, leads to
measurement = mpole =172.90 + 0.47 GeV.

with a p-value of 4.1%
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Interpretation of the

Top Quark Mass

= Indirect prediction of & 19FT 15 Cioal rmination of m, E

the top quark mass < 9 1 Measireent =

" my,,=176.5+2.1 GeV 8 = EWKFit (§fitter) =

" Uncertainty on M,, 75_ = EWKFitwi g

contributes 1.9 GeV = EWK Fit (GARP) =

= Significant improve- 6F E

ment when including 5F- =

my, in the fit 7| WORUINNONICS:. THUVIN. NS S— 2

| 3 —

= Experimental un- 25_ E

certainty on my,, Iis - 5

already close to theory e Y\ A F
imit 155 160 165 170 175 180 185 _
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Measurement of the

Electroweak Mixing Angle (1/3)

ngle since 1996

__ World Average

= Discrepancy of LEP and SLD
measurement on sinZ6,, triggered
guite some interest in recent years

= Problem at Hadron colliders: Do not
know incoming fermion direction on

an event-by-event basis
= Problem reduced at Tevatron, very

Rel. Unc. [9%)]
o

1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

prominent at LHC Year
= Significant p+(Z) due to ISR , )
= Need reference frame to define i /
forward- and background angle 6
= Colins Soper frame | o
= Use (variation) of template fit .
approach to extract sinZ@,, / /

Particle Rest Frame

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 19



Forward backward £

m
0.6

asymmetry also
induced by Z/y
interference

Need to integrate
over all initial state
quarks

Knowledge on
PDFs is essential!

Tevatron stat.
limited

LHC limited by
PDFs

Measurement of the

Electroweak Mixing Angle (2/3)

Forward Backward Asymmetry for different

uark initial states

Forward Backward Asymmetry for different quark initial states (+ Dill

ution)

Pythia8 (NNPDF3.0) — <E 0.6l Pytnias (NNPDF3.0)
® qgg p0®® [ +Dilution effects
—uf,cC | ® qg i
0.4 dd ssbb 0.4_— _ug,
i - dd B i
| —cc,s5bb
0.2 / 02 /“/“: Jeesese®
o/ I PR 0.’....
0 Py 0 i ...o." : ;
.'o : ’...“..-“....oi i
-0.2 o° -0.2f° §
0.4 ..-°/ 041~
.O..‘. : ‘
-0.6 .__4/ ; : -0.6[—
65 758085 o0 95 i00 d0E 110 65 70 75 80 85 e0 95 100 fo8 110
m, GeV m, GeV
.s,-mgéiﬁ Value Stat. Unc. | Exp. Unc. : PDF Unc. |!Model Unc. | Total Unc.
DO 0.23095 0.00035 0.00007 i 0.00019 i 0.00008 0.00047
CDF 0.23221 0.00043 0.00003 i 0.00016 i 0.00006 0.00046
Tevatron (Comb.) 0.23148 0.00027 0.00005 i 0.00018 i 0.00006 0.00033
CMS 0.23101 0.00036 0.00018 i 0.00030 i 0.00016 0.00053
ATLAS (central) 0.23119 0.00031 0.00018 i 0.00033 i 0.00006 0.00049
ATLAS (forward) 0.23166 0.00029 0.00021 i 0.00022 i 0.00010 0.00043
ATLAS (combined) | 0.23140 0.00021 0.00014 || 0.00024 i 0.00007 0.00036
LHCb 0.23142 0.00073 0.00052 i 0.00043" l 0.00036" 0.00106
A(}’g“d (LEP) 0.23240 0.00070 0.00100 i - i - 0.00120
A} (LEP) 0.23099 | 0.00042* | 0.00032" ! - i - 0.00053
A; + A. (LEP) 0.23159 | 0.00037* 0.00018" i . | - 0.00041
A(}’g (LEP) 0.23221 | 0.00023* 0.00017* i - i - 0.00029
A; (SLD) 0.23098 | 0.00026" 0.00000* i - i - 0.00026

Prof. Dr. M. Schott (Johannes Gutenbety urnversiy, wiaiiz)
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Measurement of the

Electroweak Mixing Angle (3/3)

= Hadron collider results

do daunpo } 1 . = o
B Measurements at Tevatron dp2dyd cos 0dg = dp%dyl (14 cos? ) + A0§(1 — 3cos?(0)) + A sin(20) cos(¢)
and C M S em p|0y a tem plate +A2% sin?() cos(2¢) + Aasin(0) cos(¢) + Ay cos(6)
fit of Agg In the C.S.-frame +A5 sin?(6) sin(20) + Ag sin(20) sin(9) + Ar sin(0) sin(3)),

= ATLAS employs a template
fittig procedure of the angular

,,,,,,,,,,,,,,,,,,,,,,, Overview of sin“6L; Measurements

coefficients and extracts s - —
sin%6,, from A4 U —
"= CMS and ATLAS employ | | MmO
PDF-profiling AR Sone aors s "'
Sha2as sup 15007 .
I I LHCo - . S
= Combination of hadron T B S e S —
collider results . T -
= sin26.4 = 0.23140 + 0.00023 e T @ essaan
= Level of LEP and SLD e T e
= Disagreement between LEP oo 0 o e
and SLD might be just a S o.izs — :o.zisz 0234 0!5 1
statistical effect sin‘t,,  Rel. Une. [%]
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Interpretation in the context

of the Electroweak Fit

" |Indirect Determination
" sin20,, = 0.23151+0.00006

NX 10§ Iln&eclzt 'Dletlerlmlinlaiio‘nlo} s',i g

< 9 easurement o=

= World average gE- 55 vk it citen =
" Sin%0.4 = 0.23151+0.00014 Lf e =

= More precise than prediction aE. =

" Does it make sense to = :
improve the measurement? " E

Q- Ry =

= Hadron Collider average F E
" sin2,, = 0.23140 + 0.00023 2E E

= Assuming an improvement 1— """""""""""""""""""""" E

F | i | =

Ll 1 1l Ll 1 1 | l L L1l I L1
by a factor of two (and a 0.231 0.23110.23120.23130.23140.23150.23160.23170.231
central value within 20 to the sin“0_(1)

current w.a. would still show
no tension above 1.50)

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 22
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Mass Sensitive

Variables

= Main signature: final
state lepton (electron or
muon): p(lepton)

= Recoil: sum of
“everything else”
reconstructed in the

calorimeters

= a measure of p(W,2)

= gives us also missing
transverse energy

i = 2 E,
i
— miss

E.
P (L)

m, = \/Zpr"”“(l —CcosAg)

Prof. Dr. M. Schott (Johannes Gutenberg University,

Lepton
Lapton

™,

Mainz)

G
"NLO* Gluon

“ISR" Gluon
: ]

Measured
Hadronic
Recoi

L%Pkm
PR
P e
v ; “:\xLepMH
P W NP
I Y
- l".. W
Atm Eusun B
f
W |
| Hadronic ;f;

'. Recoil
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Mass Sensitive

Variables

ATLAS Simulation B Nominal
\s=7 TBV, Pp— Wt+X — A mw=,50 MeV

= Sensitive final state distributions:
= | epton transverse momentum p(I)
" Transverse mass: my
= Missing transverse energy
(“neutrino p;”): pmiss

- Am,=+50 MeV—

Normalised to unity

! Z 1‘01;_ ' J
= Template-Fit approach I ma——
= Assume various W boson mass S % % w M & % W%
. ' [GeV
values in MC event generator and p; [GeV]
pr9d|Ct the pT(l) y mT , meiSS ? 0.12:— ATLAS Silmulati'on I I .lNominaII _:
. . . g C 1s=7 TeV, pp— W5 +X — Am,=-50 MeV ]
distributions 2 of- " .
= Compare to data s E
= Mass determination by x2 3 E
minimization oook- E
£ 101;_ ' ' ' N ' ' E
% 0.99F - 3
= 60 65 70 75 80 8 90 95 100
m; [GeV]

HUPS./7auad>. WEeU.LECHTLUITAUAY/ORUUFO/IFM T OIVO/IFAFERO/O | IJM'2014'
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'. Why Is this measurement
complicated?

ichp ec}sion do

wj/hat

%

“The Boso IS not at rest,
0 With which kinem,atics\is

~ puthe WabosoRyproduced?

| PDFs
.. . % e
Backgrounds

‘( e i T T R R ———
Focus durirbqhe firsyears{o the project
3 . L : / -
N\ € b z /,l _ ’ - )



“ Lepton selections
“ Muons : |n| < 2.4; isolated

“ Electrons : 0<|n|<1.2 or
1.8<|n|<2.4; isolated"

C

a

= Kinematic requirements R

* p; >30GeV p,miss >SOGe v
* m; >60GeV u; <30GeV

®o =
.e.

.
& ~ L
-

* Measurement categories,
= Electron/muon channe} P
m--Fits, 3/4 raplally reglo

= Muon Channe|:.
= Electron Chann



Physics Modelling

= No available generator can PDF -
describe all observed features: L EW QED
pT(Z)/pT(W) A, ... i—%’* i g

Breit-Wigner + EW cor.
= do/dp; is modeled with PS MC —
= do/dy modeled at NNLO
= Aiy,pt) modeled at NNLO

" 4]
Variation of do/dm modeled with a \Qqh 4 %\/\r

= QCD aspects
= Rapidity, p; distributions; angular

distributions | ds :(dsj[ds](ds(ﬂ’” 1 j
dpdp, \dm)\ dy dpt  S(y)

= EW aspects o
* |SR and FSR QED corrections A (a,-Al-(y,Pt)P,-(COSCI, f))
Missing higher-order effects

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 28



Transverse Momentum

(A several years effort)

= Traditional approach: fit predictions to Z data, apply to W
= primordial ky; ag'SR; ISR cut-off
= Tested with Powheg+Pythia8, and Pythia8 standalone

= Associated Uncertainties: Z Boson Data, Parton Show Variations and
= Z—W extrapolation : factorization scale variations (separately for light- and
heavy-quark induced production), heavy quark masses

— S e A R ~ 1.03
> 0.08E ﬂ?ﬁi o ~e— Data L ATLAS Simulation
O, 0.07F v —— Pythia 8 4C Tun & .
Pp—>Z+ —— Pythia 8 AZ Tune 1,025 V8=7 TeV, pp— Wi+X, pp—> Z+X

S 14E e _;_ e -
O 10D E ok A — 0.98 — Pythia8AZ — Light quarks>W,Z — ct—Z
T - b _
. E NS bb—Z cd,cs—>W — Total
— 09 Errrrr s o — 097 cov v b v b b b v b by
e 0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
p! [GeV] pf’z [GeV]
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Transverse Momentum

(A several years effort)

= Theoretically more advanced calculations were also attempted
= DYRES (and other resummation codes : ResBos, CuTe)
= Powheg MINLO + Pythia8

= All predict a harder p(W) spectrum for given p(Z) distribution
= Behaviour is disfavoured by data (see later)

ATLAS Simulation

N
ATLAS Simulation Qg
© s=7 TeV, pp— W +X, pp— Z+X

Vs=7 TeV, pp— W +X, pp— Z+X

'_..
(&)}
EERNRRRL

1150

0.95F 0.95F
[ == Pythia 8 AZ -
0o ey o 4 _-_—_--_ 0.9: === Pythia 8 AZ
0.85F — Resbos 0.85F — Powheg MiNLO + Pythia 8
" F —cCuTe ~ — Powheg + Pythia 8 AZNLO
08—IIIIIIIIIIII\I|IIIIII\III\IIII\IIIIIIII 08_IIIII\IIIIIIII‘IIIIII\III\IIII\IIIIIIII
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
W,Z W,Z
P, [GeV] P, [GeV]
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Overview of QCD

Uncertainties

= CT10nnlo uncertainties (synchronized in DYNNLO and Pythia) +
envelope comparing CT10 to CT14 and MMHT.
= Strong anti-correlation of uncertainties for W, and W-!

= AZ tune uncertainty; parton shower PDF and factorization scale; heavy-
guark mass effects
= A, uncertainties from Z data; envelope for A, discrepancy

W-boson charge W W= Combined

Kinematic distribution pfr mr pgf mo pff mr

omw [MeV] I E
Fixed-order PDF uncertainty 131 149 120 142 (80 87 |
AZ tune L_"31)""374'___3.0____3._4'_?_3_.0____3._4"':
Charm-quark mass 12 1.5 12 15 112 15
Parton shower pp with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 E 50 6.9 |
Parton shower PDF uncertainty 36 40 26 24 110 16
Angular coefficients 58 53 5.8 5.3 E 5.8 5.3 E
Total 159 181 148 17.2 111.6 129 !

______________
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Mass Sensitive

Variables

= Lepton calibration
= momentum calibration using the Z
peak
= efficiency corrections
(reconstruction, identification,
trigger) rederived via tag- and
probe-method in 3 dimensions hadronic recoil

_)
urt

= Recoil calibration
= Event activity corrections
= Recoil response calibration using
expected p; balance between
lepton pairs and u; in Z events
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A distribution which took

us months

ATLAS

\s =7 TeV. 4.1 fb" — Z—p*u- (before corr.)

B Z—u'u (after corr.)

= Typically one expects a ®
symmetry of the detector
response (and the physics)

= We observed significant

differences to MC
= offset of the interaction point

°

e

D_ ————

~ 095 i
o

©

a

with respect to the detector center A e
1000~ ATLAS * Dan

—— Z—-p*u (before corr.)
B Z—ptu (after corr.)

in the transverse plane

= Non-zero crossing angle
between the proton beams

= @-dependent response of the
calorimeters

- \s=7TeV,4.11fb"

Events / 2 GeV
3

60[
40

20F

3 - T 5 &
1.05 & 0t &
1 :,-Ld?h'.*-ﬁ-** oA et e . _|_|._|_++I L o
0.95E - :
-50 40 -30 -20 -10 0 10 20 30 40 50
ui [GeV]

Data / Pred.
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3 tables after

3 years of work

1
Combined !

. . |ne| range [0.0,0.8] [0.8,1.4] (1.4,2.0] [2.0,2.4] :
[ | Expe rl m e nt al u n Ce rtal nty d u e to Kinematic distribution py mr  py omr  pL mr Pk mr : ps mr :
. . omw [MeV] : :
Momentum scale 8.9 9.3 142 156 274 292 111.0 11541 84 88 1
muon deteCtor Callbratlon On the Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 : 1.0 1.2 :
Sagitta bias 07 08 17 17 31 31 4.5 431 06 06 1
10 M eV Ievel Reconstruction and ! :
isolation efficiencies 4.0 3.6 5.1 3.7 4.7 3.5 6.4 5.5 : 2.7 22
| |n terms Of average aCcCcu racy on Trigger efficiency 56 50 7.1 50 11.8 9.1 121 99 1 41 32!
.. . . Total 114 114 169 170 304 31.0 112.0 116.1: 9.8 9.7 :
the position resolution, this means — .
A EEEEEEE 1
Um-preCISIOn! | range 00,06  [0.6,1.2]  [1.82,24] |} Combined |
Kinematic distribution ph mr  phk mr ph mr : P4 mr !
omw [MeV] : !
. Energy scale 104 103 108 101 161 17.1 ;81 8.0 ,
u Not even d |Scussed here: HOW to Energy resolution 50 60 73 67 104 155 135 55 |
. Energy linearity 22 42 58 89 86 106 134 55
Energy tails 2.3 3.3 2.3 3.3 2.3 3.3 123 3.3 !
eStI m ate b aC kg ro u n d S Reconstruction efficiency 105 88 99 78 145 11.0 : 72 6.0 :
Identification efficiency 104 7.7 117 88 167 121 '73 56 !
- We CO”trOl the baC kg round Trigger and isolation efficiencies 0.2 0.5 03 05 20 2.2 : 0.8 09 :
: H 0 | Charge mis-measurement 0.2 0.2 0.2 0.2 1.5 1.5 : 0.1 0.1 :
C(_)ntrlbutlons onarel. 5% levell Total 190 175 211 194 307 305 |14.2 143 |
= Final background related v
uncertainties Wboson charge M W i Combined
inematic distribution pr mr pp mr Ipp mr |
= p.fit: 3-5 MeV m [MeV] : |
) (u) scale factor 02 10 02 1.0 ;02 10
n m_|_-f|t: 8-9 MeV (e|ec_) SEr correction 0.9 122 11 102 '1.0 112
; Residual corrections (statistics) 20 2.7 20 27 120 271
u mT_fIt 3—5 M eV (m uon) Residual corrections (interpolation) 14 31 14 31 |14 31 ,
Residual corrections (Z — W extrapolation) 0.2 58 02 43 102 5.1 !
Total 26 142 2.7 118 :2.6 13.0 :
T ——— i
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Control Distributions

m,, sensitive)

o x10° o x10° N o x10°
y r ‘ ‘ - . T T saanansas ‘ ! y
S 350 ATLAS Preliminary -»- Data S ATLAS Preliminary - Data o ATLAS Preliminary o Data o 250~ ATLAS Preliminary e Data
n Vs=7TeV, 4.1 b W v - ls=7TeV,4.1 1" W v o 00E fs=7Tev,461" mW ey % 5=7TeV, 467" mW-ov
2 [] Background 2 [ Background 2 [ Background o [] Background
€ yidof = 917 = 'g $eidof = B9 ‘E ¥eidof = 12119
w w w w
g ° =
g g 3 L%2E 3
o o o = o o
~ ~ < og9 == : ~
3 = 8 098K -]
S -1 05 0 05 1 15 2 3 & 2 15 -1 05 0 05 1 15 2 8 2 15 -1 05 0 05 1 15 2
n ) .
> x10° T T T T T > 200 T T T T T > 5103 T T T T T > =10’ T T T T T
& ATLAS Preliminary e Data & 1m0 ATLAS Preliminary e Data 8 £ ATLAS Preliminary - Data & 250F ATLAS Preliminary e Data
g Vs=7TeV, 4.1fb" WW— 'y Z  1g0E 's=7TeV,4.1fp" WW - v p (s=7TeV,46f" mW—e'v ~ (s=7TeV,46f"
n [1Background w [ Background i~ ~
k=3 Idof = 21/29 k= Idof = 29/29
] m 2 2
w w
;1.0 g 102 g o2y FRNEE - - < i i
1.01 S— 1015 g L 101 + 44 2 101 e F
E THrra e e et ey o | S A P _r_+,‘,"+ s TN o 1 2 Pt g oot Ay L] o 1 IT' e AL ++++H‘ ! I
S 0 S g T+ = ¥ 5 %L + 5 oL "
0.98 = = 8 098 T - .90 = .98E 1
] 0 5 10 15 20 25 30 8 0 5 10 15 20 25 3 4§ S0 -2 -0 0 10 20‘ % 8§ s -2 10 “ 10 2"‘ 0
u; [GeV] u; [GeV] uj [GeV] uj [GeV]
> T T T T T > T T T > x10? - - T - r > x10] T T T T -
3 ATLAS Preliminary -+ Data & ATLAS Preliminary z ATLAS Preliminary -+ Data 2 140 ATLAS Preliminary -»-Daa
~ (s=7TeV,411fb W v o (s=7TeV, 4.1 2 fs=7TeV, 461" W ety Z fs=7TeV, 460" mW-ev
- [ Background - @ [)Background @ [ Background
@ ¥2ldof = 37/29 ) E y2fdot = 29/29 E ¥idot = 31/29
c c
2 2 I it
w w
60,
40,
20,
° o 1.02 T g 1.02§ o 1.02
o I ® 10 R kg
- ] T ST o . SR o3 N S +. + = + ++
= b I e Ty e Smcinars' S 2 S it [P St s et e S i
o = o098pl-L T 098] E o 098 :
= 3 & -3 -0 -0 0 20 3 F g 5 i 15 20 25 3 8 "o 5 0 15 20 25 30
u, [GeV] U, [GeV] uy [GeV] u; [GeV]
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Crucial Test of

pP-(W) modelling

= Remember the problem with the p(W) description?
= How do we know, which MC generator to trust?
= How do we know, that our assigned uncertainty makes sense?

= The u(l) distribution is very sensitive to the underlying p+(W)

distribution
= Can exploit this feature to verify the accuracy of our baseline model, and
o 12— g © B LR B L L B B AL
8. o5t ATLAS E S .08 ATLAS .
~ \s=7TeV,4.1-46fo = ~ 1s=7TeV,41-46f" ]
3 1.01 3 B W Sty T
a & 1.06# ]
1.005 . = Pythia 8 AZ ]
1.04 —+— Powheg MiNLO + Pythia8 ]
e 1 02 DYRes (ugCD’ uéCD COIT.) _:
B Pythia 8 AZ = .
—— Powheg MINLO + Pythia 8 7 1 T NE D
0.985 R L
PR S S SR S T SN S N SN SN ST SN T SN SN ST SN AN SO S SO S N S N B oo oy by by by by
0-98 5 10 15 20 25 30 0985~ ""20 S0 o0 10 20 30
u, [GeV] Ul [GeV]
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W-Mass Distributions:

Electrons

. - 3 3
= Predictions > e S T A
C ATLAS 1 e Data 4 3 1200 ATLAS 1 o Data =
i 1s=7TeV, 4.6 fb. mWoev \s=7TeV, 4.6 fb’ mWoev -
Set to flnal 2 []Background 3 g 100 []Background
. — ¥?/dof = 36/39 3 — ¥2/dof =39/39 7
combined my, ¢ R E
> 3 > .
value i ERN- E
= Dip at40GeV g t@e R SR ——r T
: N e e o 0'ggég+?ri¥."f’:::::ﬁ#"‘*"‘+‘"+ii+¢1+1" """"" Pt
WaS StUdIed o 0.08E . p— - ! — : E o 0.98F S . S : : E
S 30 32 34 36 38 40 42 44 46 48 50 S 30 32 34 36 38 40 42 44 46 48 50
thoroughly ol [GeV] Pl [GeV]
= No striking £10° x10°
> T T T T T > 120_ T T T T T ]
effe CtS . 8 ATLAS e Data 8 - ATLAS -e-Data 3
’ hg 1s=7TeV, 46 fo" W e = 100F- \s=7TeV,4.6fo’ mW-oev
[ Background - [1Background
StayS aT[ 20 g ¥2/dof = 54/59 g so;— ¥2/dof = 55/59 —;
= Only mild i @ eof- =
Impact on 40 E
. 205 -
final my, E
B 1% g ' I.'F:r It I 3 L-%%ETH — L ﬁ |
I L L I LT R R T
BT HEHEE 5 ol t
5 e0 70 80 90 100 110 120 g 60 70 80 90 100 110 120
my [GeV] m; [GeV]
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W-Mass Distributions:

Muons

= Very good ze At

> > T T T T T T T
8 A TLAS 1 -8 Data 8 A TLAS 1 e Data
1 =7 TeV, 4.1 fo. W v \s=7TeV, 4.1 fo WWo v
agreement for 2 P I S
—_ x2/dof = 20/39 — ¥2/dof = 29/39
muons 2 £
(0] (0]
> >
W] w
] w2
Overall:x2/n g .
probability 3 102 g% o
. . . o o 1B -|-+ g g +.. -H- .......................
distribution S o S A +++ [ Ry Jfﬁ
from 84 5 8 a0 82 34 36 38 40 42 44 46 TBG V5]o
e
Pl
data/predictio 107
: e 3 0. ATLAS | eDan
I -@ Data —
n comparison © W v O M0 T Tev, 41 b WWouy -
E [] Background ; 120:_ [1Background 5
m <P>=(0.54 £ 1/dof = 57/59 T 100F Fidof = 48/59 3
i & 80F =
60— E
40E- E
20 =
k] T 5 1.02F T 3
L WL & v 4. T1 E
g '". C% 1. 0} +1'H++++++++++++:l‘ -l-.H, -I-‘|'|-|-|-| + |_I_| ‘i‘_}_‘i‘T il F
~ [ ~  0.99F i + II i
I E © 0098k : . , ——
8 110 120 8 60 70 80 90 100 110 120
my [GeV] m; [GeV]
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m,, Fit Results In

Various Categories

5 ATLAS Ap,(W)  @Stat. Unc. S o ATLAS Ap (W) @S ne.
< 80650 Vp (W) —Total Unc. < 80650 ¥p (W) —Total Unc.
= - Vs=7TeV, 4.1 fp" A My (W) [IStat. Unc. = - Vs=7TeV, 46" Am (W) [IStat. Unc.
5380500 = ‘ ¥ m (W) —Total Unc. E3 80600 ‘ ¥ m (W) —Total Unc.
80550 E—W+ i i — Comb Fit [[]Total Unc. 80550 E_W+ i i — Comb Fit [ |Total Unc.
80500 | 3 ; 80500 | j :
80450 * | } + | 80450 | } |
80400 + + | * ? * + ? 80400 - * ? . |
- | A H B T §E ' I
803505+ : + + ; : ‘H’“ il 803505+++ : + ; : f
80300 | 3 ; 80300 B 3 ;
80250 | 1 | 80250 | } |
80200F : 1 : 80200F - 1 :
0.0<h1||<0.8 0.8<|n||<1 4 1 .4<h‘|||<2.0 2.0<h1||<2.4 0.0<h1||<0.6 0.6<|T]I|<1 2 1 .8<h1||<2.4
Category Category

= |llustration of fit-results in all measurement categories based on p; and m;
templates for W+ and W- in the electron and muon channel

= Compatibility tests performed before unblinding: x?/ny,; =29/ 27

Prof. Dr. M. Schott (Johannes Gutenberg University, Mainz) Page 39



m,, Fit Results in Various

Combinations

pL, Wi Iy T T T T iy Partial Gomb,) Combination Weight
ppWorv | ATLAS ° = Stat. Uncertainty Electrons  0.427
PpW v | ¥5=7TeV,41-4.6f0" — T ____________ oy (Full Gomb) Muons 0.573
my, W_—> I'v Stat. Uncertainty mr 0.144
My, W+—> v | P Full Uncertainty pgT 0.856
my, W= v @ 4
BlTij_;gi; “““““““““ e B TS W_ 0.519
t w 0.481
mp Wl | _TT--ooo - ______
pl, W= ufv ——
R — Nobody cares about
my-pl, W I'y — your method. People
me-pl, W Iv — . remember only your
M W Py L L S e o L L L last number!
80280 80300 80320 80340 80360 80380 80400 80420 80440 80460 :
myy [MeV]

___________________________________________________________________________________________________________

Final measured mass of the W boson
= 80.370+0.007(stat.)x0.011(exp.)x0.014 (mod) GeV
= 80.370+0.019 GeV
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Interpretation in the context of

the Electroweak Fit

% % ] > Faras 5 my - 80.370 £ 0.019 GeV
< 9F s Mebsureernc E (E, 805~ ATLAS B M, - 172.84£070GeV ]
gE- lle = & . m, = 125.00 + 0.24 GeV -
75_ = eWKFit without m,, (Gfitter) E 80.45[ F 68/95% CL of m,, and m, —
6F E - 3
g E 80.4 —
SE E -y b
4l 3 80.35F -
3E ‘ f - .
2:_ / | 80.3F i 68/95% CL of Electroweak ]
- = F Fit w/o m,, and m, ]
1= . — - (Eur. Phys. J. C 74 (2014) 3046)
E o iy o L/ ] ool L 0 1, 1 1 1]
80.33 80.34 8035 80.36 8037 80.38 80.39 165 170 175 180 185
my, [GeV] m, [GeV]
= Good news: New measurement = Unofficial combination yields a
reaches precision of CDF and is value of
now the world leading = M,, =80380+13 MeV,
measurement with a p-value of 0.74
= Bad news: We are even more = 1.60 “tension” with the SM

Standard Model ...
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Where will we stand
In 10 years?




Prospects of the EW Fit

= Future Developments for the Global Electroweak Fit

= Aa®), Low energy data (esp. r+17-), also pQCD/lattice

= My: LHC Measurements! Theory uncertainty of 4 MeV!

= m Experimental progress and theoretical interpretations
" SiN20, We are already now at LEP precision

| AFBOb Z+b pl’OdUCtiOﬂ at LHC, [M. Beccaria et al., PLB 730, 149 (2014)]

= Extensions of the scalar sector
" B—Xsy, Bs—UY, (9-2),..., precision H coupling measurements
= Direct searches: cover all possible final states

= General extension with the SMEFT
= EWPO, LEP 2 data, flavour data [- Ellis etal., 1803.03252]

= Differential H measurements, also sensitivity to H self-coupling A!
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Where will we stand in 10 Years with an

Ultimate Precision at the LHC?

" By the end of the LHC, we (being optimistic) might 10 ndiect Deferminaton of | E
have zg_—Measurement """""""""""""""""""""" E
 —— EWK Fit with current WA-values ( r) =
. AmW - 8 Mev 7;_ =EWK Fit with projected uncertainties (Gfitter) _;
" Amq,, = 300 MeV 6 B
= Asin?0,, = 0.00012 5 =
= .. results in indirect precisions of 3 E
2 —
= Am,~4 MeV, Am;,~1.3 GeV, Am,=13 GeV i3 \
= See also a detailed studfy from Gfitter from N
. 6 6 0 80 8
2014: https://arxiv.org/abs/1407.3792 s T m [GeV]
% 1ET mindlion of My ARRARARERAS: % 1O ateot Delermination ot | E
< 9 E DO ieasirament T e E
Bg_ _g 85_ —— EWK Fit with current WA-values (Gfitter) _E
7;_ _; 7;_ = EWK Fit with projected uncertainties (Gfitter) =
3 E
4 -3 a4
2 E o
E 1\ ----------------------------------------------------------------------------------------
E L = x;_| ;

[0
o
©
o

ol b LA il il depe? e L Lo L L
80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41 100 110 120 130 140 150
M, [GeV] M, [GeV]
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Where will we stand in 10 Years with an

Ultimate Precision at the LHC?

= By the end of the LHC, we (being super optimistic)
might have
= Am,, =5 MeV
" Amq,, =200 MeV
= Asin?0©,, = 0.00008

@r 097

01

4.1

= ... results in indirect precisions of
" Amy~=4 MeV, Am,=1.0 GeV, Am; =9 GeV

081

9] "

981

—
— ~o [9%) =~ [35] [=2) —~ [==) [T=) (=Y
\\\\\\\\\\\\ L e B
- =
HE N =
m m = 3B 4
= = T 2]
= = 8 o
o o S & 7
= = = ]
= = =R
=] f=] . =
=. 5 .=
D @D I — S
= 2 S-
s = S
3 s = |
E B2 =
5
2. 3 —
g 2 4
2 =
() =)

1708 708 6€'088E"08.E 089 085 037E"08EE 08

09T OoyT OET 0T 01T 00T 06 08

=5F =
s = )
= i \ o \ \ \ \ i =
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Where will we stand with an Electron-

Positron Collider (e.g. FCCee)?

" 1O oLk Definaton o my winFod Undoranied T % OF ivect Detenmindion ofm with F4C Undbamies 1] % OF narectbetarmnaton of ] with FOG Unceramied] ]
< g__ — Measuremen it _; < 9;_ — Measuremen it _; < 9:_ — Measuremen it _:
B% e EWK Fit (GAPP) é B? e EWK Fit (GAPP) é B? e EWK Fit (GAPP) é
7 - s E s E
6 = 6 E 61 E
51 E 5| E 5 E
aF = 4f = 4f- =
3 E 3f E 3f 3
2t E 2t E 2t E
. t.}- i E R B R E e 4
80790 100 110 120 130 140" 150 160 155 160 185 170 175 180 185 80.33 80.34 8035 80.36 80.37 80.35 8030
my, [GeV] m, [GeV] my, [GeV]
= Repeating the electroweak fit with the pasameter current value Fcf;izel:nc.-
expected FCCee uncertainties using the Mz 125.09£0.15 GeV _ £0.1 GeV
GAPP framework, we find My 80.380 +0.013 GeV  +0.6 MeV
o T'w 2.085+0.042 GV +1.0 MeV
indirect ~
" Amyndredt=1.4 GeV Miop 172.90 £ 0.47 GV +15 MeV
= Am,/ndrect = 0.2 MeV Adpqax1077] 2758 + 10 +2
AmTopmdlreCt = 0.1 GeV parameter current value FCC-ee unc-
target
T . M 91.1875 + 0.0021 GeV < 0.1 MeV
|
Improvements on the indirect predictions by .’ 5 1952 £ 0.0023 GV — 0.1 MoV
more than a factor of 10 00 na 41.540 + 0.037nb 0.004 nb
= Theory uncertainties dominante! B DEMEiERU SR SR
ATED) 0.0992 4 0.0016 +0.0001
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Summary

= With the discovery of the Higgs, several key
observables of the electroweak sector could be
predicted with significantly reduced uncertainties

SR
=

T
255

= By the end of the LHC, we expect to improve our
edge on Am,, AT, Amy,, and Asin?@,, by up to a
factor of two compared to the world averages now

= The impact of the precision observables measured
at the FCCee would certainly bring the global
electroweak fit to a new era of sensitivity to BSM

physics



