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The Large Hadron Collider & ATLAS

The highest Energy Collider ever built
ATLAS one of the Iarge expe |ments

Jan Kretzschmar, 27.01.2017



The ATLAS Physics Menu

Large variety of searches and measurements

Standard Model Production Cross Section Measurements Status: August 2016
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The ATLAS Physics Menu

Large variety of searches and measurements ...

o [pb]

Standard Model Production Cross Section Measurements
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focus on W and Z production

Status: August 2016
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LHC: A W and Z “Factory” A

» W and Z massive gauge bosons of the electro-weak SU(2), x U(1)y symmetry,
broken spontaneously by the Higgs mechanism
> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider

» High integrated luminosity delivered by LHC means more Z — ¢¢ and W — (v
events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — £¢ and > 100 million W — fv events
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LHC: A W and Z “Factory” A

» W and Z massive gauge bosons of the electro-weak SU(2). x U(1)y symmetry,
broken spontaneously by the Higgs mechanism
> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider

» High integrated luminosity delivered by LHC means more Z — ¢¢ and W — (v
events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — £¢ and > 100 million W — fv events
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LHC: A W and Z “Factory” A

» W and Z massive gauge bosons of the electro-weak SU(2). x U(1)y symmetry,
broken spontaneously by the Higgs mechanism

> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider

» High integrated luminosity delivered by LHC means more Z — ¢¢ and W — (v
events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — ¢¢ and > 100 million W — {v events
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LHC: A W and Z “Factory” A

Entries/ 0.5 GeV

» W and Z massive gauge bosons of the electro-weak SU(2); x U(1)y symmetry,
broken spontaneously by the Higgs mechanism

> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider

> High integrated luminosity delivered by LHC means more Z — ¢¢ and W — fv
events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — #¢ and > 100 million W — {v events
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LHC: A W and Z “Factory” A

Entries/ 0.5 GeV

Data/MC

» W and Z massive gauge bosons of the electro-weak SU(2), x U(1)y symmetry,
broken spontaneously by the Higgs mechanism

> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider

> High integrated luminosity delivered by LHC means more Z — ¢¢ and W — fv
events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — #¢ and > 100 million W — {v events

Full 2012 data July 2015
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LHC: A W and Z “Factory”

Entries/ 0.5 GeV

Data/MC

N

» W and Z massive gauge bosons of the electro-weak SU(2), x U(1)y symmetry,
broken spontaneously by the Higgs mechanism
> Leptonic decays Z — ¢¢ and W — {v leave a unique signature at a hadron collider
> High integrated luminosity delivered by LHC means more Z — ¢¢ and W — fv

events than any collider before have been produced

» ATLAS so far recorded > 10 million Z — #¢ and > 100 million W — {v events
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W and Z Bosons Physics at LHC A

» W* and Z /~* bosons produced in Drell-Yan process
» Measurements primarily require lepton detection — very high experimental precision
can be achieved

» Precision cross-section measurement: probe of strong interaction and the proton
structure (Parton Distribution Functions, PDFs), arXiv:1612.03016:

> What can be learned beyond ep scattering?

» First measurement of the W-boson mass: test consistency of the Standard
Model and constrain Beyond-SM physics, arXiv:1701.07240:

> Can we go beyond Tevatron measurements of ~ 19 — 23 MeV uncertainty?
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https://arxiv.org/abs/1612.03016
 https://arxiv.org/abs/1701.07240

Predictions for W and Z Production in Hadron Collisions ‘

» Cross section calculation with hadrons factorises in
> Matrix element calculation, arranged in a perturbative series in as: Leading order
(LO), Next-to-leading order (NLO), NNLO, ...
> Parton distribution functions (PDFs)

» W — fv and Z — ¢/ known to NLO since ~ 1980, initial NNLO results date back
to early 1990's, fully differential calculation since 2006 in FEWZ and DYNNLO

> Next level of complexity mastered in last years (gg — H at N°LO and 2 — 2
processes like Z+jet at NNLO), but absolute cross sections predicted to < 1%
precision is still unique in hadron collisions

» Beyond fixed order QCD: higher order EWK (a2 ~ «) and resummation

do = /dxldngi(xl)fj(xg)daij(mhxz)FJ (1 + O(AQCD/Q))

“Hard” Scattering

outgoing parton

proton a
Ks underlying event

proton

underlying event

outgoing parton adiation

K. Melnikov, QCD@LHC 2016
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PDFs and Deep Inelastic Scattering [EPJC (2015) 75:580, EPJC (2009) 63:189] ‘

» DIS experiments at SLAC in 1969 (ep — eX) found cross section to be
~independent of momentum transfer Q2: proton consists of point-like quarks

» Further precise measurements, e.g. at HERA ep collider, over wide range of x, Q:
neutral current (y* exchange) constrains >_ e2(q + §), at low momentum fraction x
strong scaling violations due to gluons

» A big unknown is the flavour decomposition of light-quark sea at x < 1072

u ?
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PDFs for W and Z Production at LHC

dc/dy“ [pb]

[PRL 109 (2012) 012001]
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» At LO cross sections determined by sum of different qG combinations weighted by
different electro-weak couplings and CKM elements for W*

» Different composition of flavours than constrained by the HERA dataset:
> W-boson mass measurement subject

to significant PDF uncertainties due Q‘2=1 g‘Gevz X‘=O 023‘ "epWZTrees | ATLAS
to large cs component L ABKMO9 .

> Precise cross section measurements = NNPDF2.1  —a—
. o MSTWO8 -
improves our knowledge of the proton v CT10 (NLO) L
structure [ total uncertainty

> 2010 ATLAS W, Z data suggested a prpermental unceranty | ‘
larger than expected strange-quark 02 0 02 04 06 08 1 12 1'4r
contribution: rs =5/d ~ 1 s
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W-boson mass and Electroweak fit [JHEP 12 (2013) 084, Gfitter, PRD 88 (2013) 052018] ‘

» W-boson mass related to other SM parameters
T
V2Ge

> Prediction sensitive to loop-corrections: QED, top, H, ... BSM?

» mw currently measured to £15 MeV and predicted to £8 MeV; many other EWK
parameters measured far better than SM prediction

» Current Tevatron results use ~ 100,000 Z and 1 —2M W events (4 J/¢ — pp)

» Already 2011 ATLAS sample has ~ 2M Z and ~ 20M W events

miy sin® Oy = (14 Ar)

L Ly 6 e BB s s ey B

. " 1 m, world comb. + 1o
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W-boson mass and Electroweak fit [JHEP 12 (2013) 084, Gfitter, PRD 88 (2013) 052018] ‘

» W-boson mass related to other SM parameters

miy sin® Oy = (14 Ar)

f Gr

» Prediction sensitive to loop-corrections: QED, top, H, ... BSM?

» mw currently measured to £15 MeV and predicted to £8 MeV; many other EWK
parameters measured far better than SM prediction

» Current Tevatron results use ~ 100,000 Z and 1 —2M W events (4 J/¢ — pp)

» Already 2011 ATLAS sample has ~ 2M Z and ~ 20M W events

w w 2
)
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W-boson mass and Electroweak fit [JHEP 12 (2013) 084, Gfitter, PRD 88 (2013) 052018] ‘

» W-boson mass related to other SM parameters
T

V2Ge
Prediction sensitive to loop-corrections: QED, top, H, ... BSM?
mw currently measured to £15 MeV and predicted to +8 MeV; many other EWK
parameters measured far better than SM prediction

miy sin® Oy = (14 Ar)

vy

» Current Tevatron results use ~ 100,000 Z and 1 —2M W events (4 J/¢ — pp)
» Already 2011 ATLAS sample has ~ 2M Z and ~ 20M W events
Measurement M, [MeV]
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Data sample A
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Data sample

N

>

Recorded Luminosity [pb/0.1]

4

Both analyses presented use the 2011 data set of 4.6 fb™:
> Understanding of detector performance and analysis takes time!
> Moderate pileup: “only” 9 simultaneous pp interactions on average

LHC and ATLAS performance has been exceptional in the last years: none of the
measurements presented are (directly) limited by data statistics, but detector
systematics can typically be improved with larger calibration samples

Analyse simultaneously both the electron- and muon-decay channels:

W —ev, W— uv, Z —ee, Z— pup

=> critical to gain confidence in results and achieve the ultimate precision
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A W — er candidate

) Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST
i o T T

 W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -042

E,"ss = 26 GeV

M, =57 GeV

retzschmar, 27.01.2017



A Z — up candidate

EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p,(W) =27 GeV n(w)= 0.7
p.(u) =45 GeV n(p*) = 2.2
7 GeV

. Zrpp candidate
in 7 TeV collisions

Jan Kretzschmar, 27.01.2017
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Event reconstruction and selection ‘

> W — v
> one isolated lepton (e or p) with p& > 25 GeV and |nf| < 2.4
> remainder of the event: “hadronic recoil” g1 (ur < 30 GeV for W mass)
> neutrino inferred using Fi8 = —(5% + i7) > 25 GeV

> transverse mass mr = \/2peTp'T“iss(1 — cos Ag) > 40 GeV

> Z — £f: two isolated leptons (ee or uu) with p% > 20 GeV and |n‘| < 2.4,
invariant mass mg, = 46 — 150 GeV
> Selection for cross-section measurements, for W-mass slightly tighter criteria applied

Jan Kretzschmar, 27.01.2017 22



Analysis strategies

Cross-section analysis

ATLAS Simulation
V5=7 TeV, pp— WEX

» Binned event yields () corrected for
background (B), efficiencies and migrations
(C = NXE/NMS) to obtain (differential) cross
sections

Normalised to unity

fa_  N-—B

o —

N C- £int

» Combination of e and p channels

Var./Nom.

» Comparison to NNLO QCD + NLO EWK % M % w0 w

predictions, QCD analysis — new PDF set

0.12- ATLAS Simulation
C Vs=7 TeV, pp— WX

W-boson mass analysis

» Simulated events reweighted best theory of W
production and decay and a series of different
my values

Normalised to unity

B o

— Am, =50 MeV

A, =+50 MeV

» Fit to sensitive distributions (p%, m7) to

determine best my, value

Var./Nom.

> Initial blinding of mw by an unknown, oos e Ew
common offset
Common: detector performance needs to be understood at very high level

Jan Kretzschmar, 27.01.2017
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Detector calibration
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Electron Efficiency [EPJ C74 (2014) 3071, EPJ C74 (2014) 2941] ‘

» Electron detection complicated by large amount of material in the detector and
significant background from jets

» Efficiency controlled in several steps using “tag-and-probe”: relies mostly on Z — ¢4
events selected with looser criteria on one leg

» Simulation not perfect — correct simulation double-differentially in (né,p‘f{r) by
measured €data/€emc, known to typically ~ 0.2 — 1% in relevant range pZT > 25 GeV

» Important to control p%-dependent slopes for myy, directly relevant as systematics
for cross-section measurement

16 e e e e
ATLAS Simulation ] Up to calorimeter
Il Up to presampler

XIX,

14
12
10

0 05 1 15 2 25 3 35 4 45 5
nl
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Electron Efficiency [EPJ C74 (2014) 3071, EPJ C74 (2014) 2941] ‘

Combined reco-Id efficiency in %

4

Electron detection complicated by large amount of material in the detector and
significant background from jets

Efficiency controlled in several steps using “tag-and-probe”: relies mostly on Z — ¢/
events selected with looser criteria on one leg

Simulation not perfect — correct simulation double-differentially in (7%, p%) by
measured €data/€emc, known to typically ~ 0.2 — 1% in relevant range p{“]r > 25 GeV

Important to control p%-dependent slopes for myy, directly relevant as systematics
for cross-section measurement
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Electron Calibration [EPJ C74 (2014) 3071] ‘

» Overall electron energy scale and resolution set to match the Z-boson parameters
known precisely from LEP

» Understand possible non-linearities in Z — W extrapolation from passive material:
controlled with muons (MIPs), longitudinal shower development of electrons and
photons

» Precision of 107* equals +8 MeV on my: reached, secondary effect for
cross-section measurement

> T T T T
s E ATLAS o Data ~ 09— R AARansannans sens
< E (s=7TeV, 461" Wz ee < 3
3 [Background S 08L ATLAS \5=8 TeV,ILdt =203 3
> -g 0. Material integral up to L1 3
g § 0 — Total E
> 5 . - Total correlated E|
w o ----LAr modelling =
) L1 Gain E|
0. 3
0. =
S vosihytt I 0 E
T EHTU 4y PN q
o b T ¥ AL 0 S P S
© 0.95F ] ot DT b
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m, [GeV] Il
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Electron Calibration [EPJ C74 (2014) 3071] ‘

Signed uncertainty

Overall electron energy scale and resolution set to match the Z-boson parameters
known precisely from LEP
Understand possible non-linearities in Z — W extrapolation from passive material:
controlled with muons (MIPs), longitudinal shower development of electrons and
photons
Precision of 10™* equals £8 MeV on my: reached, secondary effect for
cross-section measurement
0.004 pmrmrm{m i 2 0.004
E —— Z- ee calibration B £ E —— Z - ee calibration E
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Muon Calibration

vVvyyywy

N

Overall momentum scale and resolution set to match the Z-boson parameters
Non-linearities controlled from Z — pp sample
Reached the 10™* precision required for W mass
Rotational detector deformations and flaws in alignment procedure can introduce
charge-dependent sagitta bias § — best controlled with E/p in W = etv events:

corr __

PT

PT

14+q-6(n,¢)-pr

» Sagitta effect important to control W' /W™ mass and cross-section ratio

Data / Pred.

4

ATLAS
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-¥- 2.0<7/<2.4, slope = 0.103 * 0.085
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Muon Calibration ‘

» Overall momentum scale and resolution set to match the Z-boson parameters
> Non-linearities controlled from Z — pp sample
» Reached the 10™* precision required for W mass
> Rotational detector deformations and flaws in alignment procedure can introduce
charge-dependent sagitta bias § — best controlled with E/p in W = etv events:
p(_;_orr _ PT

14+q-6(n,¢)-pr

» Sagitta effect important to control W™ /W™ mass and cross-section ratio

S‘ : T \\\:
B F ATLAS E
S 015 (s=7Tev, 41 10 .
© 0 ]
0.5} =
—005, & E
-0 1;7 E/p method 7;
_0.15F ~® Z-Hu + global sagitta E

"“F -+ Combined E

C ol b b b by 1003

N S
-2 -15 -1 05 0 05 1 15 2

=}
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Hadronic Recoil Calibration ‘

» Hadronic recoil reconstructed from all calorimeter clusters in the event after
removing cones around identified leptons & replacing by a “random” cone

» Affected by pileup and underlying event, all of which is not necessarily well modelled

» Reweighting to equalise event activity, scale and resolution calibration using
projections parallel and transverse to Z direction

120 0 : ; :
ATLAS s gmm— (before transf.)
1001 |5 = 7 Tev, 4.1 b . '

[ z- pp (after transf.)
80

Events / 20 GeV

hadronic recoil
40

RN RRRRRRRRD"Y

—
Ut

1.05]

|t
ey 1

=="==] I A AR |

0 200 400 600 800 1000 1200 14

Data / Pred.
o
5

_ 3 E, [GeV]
S Er= (S Ep) —ur

4
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Backgrounds A

Events / GeV

> Very small background for Z — ee and Z — puu:
~ 0.2% at Z peak and a few % in off-peak region
» Background to W — fv more difficult:
» W — 7v and Z — ¢¢ taken from MC — need to account for correct modelling of
veto-efficiency for W-mass analysis!
> Multi-jet background not large, but determination using a data template hard to
control — done via extrapolation procedure

— T N T
[ ATLAS ~+- Data 2 ATLAS ~+- Data E
10°E 5= 7Tev, 4.6 fo* § 'Z",tya'fse':t) > (s=7TeV, 4.6* § ;t?fse[:t) 3
z - e'e [ Multijet % z - e'e [ Multijet E|
105 [ tt + single top > [] Dibosons |
B 7y - w . [ ti+ single top j
. [ Dibosons R E|
10 Il W-ev
3 CJw-1w
10°
10
10 e R Bl 1071d
60 80 100 120 140 -02-0.1 0 0.1 0.2 03 0.4 05 0.6
Mee [GeV] EF"*Up,
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Backgrounds

> Very small background for Z — ee and Z — puu:

~ 0.2% at Z peak and a few % in off-peak region
» Background to W — fv more difficult:

» W — 7v and Z — ¢¢ taken from MC — need to account for correct modelling of

veto-efficiency for W-mass analysis!

> Multi-jet background not large, but determination using a data template hard to

control — done via extrapolation procedure

3 XlOS

> A > A2
$1000-ATLAS ~+ D 7 & 900-ATLAS ~+ D E
L _ . AN total (stat) | r _ - A total (stat) |
N r \/E_- 7Tev, 4.6 fbt D wew 1o 800}‘/5: 7TeV, 4.6 fbt D W po+EWKstop]
9 800FW - pv [ s 4 @ EW™ - p'y [ Multiet ]
GC) F [ Muttijet q GC) 700? *;
@ B wew ] @ eo0r E
600 : g E
I 1 500 E
4001 4 400 E
i 1 300 3
200} 1 200- E
1 100F 4
o EqpetlonmTor L . J

30 40 50 60 70 80 0 20 40 60 80 100 120

Muon P, [GeV]
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Backgrounds

Events / 2 GeV

> Very small background for Z — ee and Z — puu:
~ 0.2% at Z peak and a few % in off-peak region

» Background to W — fv more difficult:

» W — 7v and Z — ¢¢ taken from MC — need to account for correct modelling of

=
o
o
o

800

600

400

200

veto-efficiency for W-mass analysis!

> Multi-jet background not large, but determination using a data template hard to

control — done via extrapolation procedure
3

[ ATLAS —+- Data B
: AN total (stat)
rVs=7TeV, 461" T W ] ‘2 30000?‘ATL‘AS T T .
w oo uv [ . - [} L 1 il
3 Muttiet 1 3 Fis=7Tev, 410 e
Ow-w 1 g 25000
1 2 ]
] = [ 1
] E 20000(— —
1 8 c 1
j @ Foyon. omiss L Fitto o™ (FRET 1
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Cross-section results
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Integrated cross-section results and combination A

> Integrated cross sections measured to 0.6 — 1.0% for W and 0.4% for Z

» Overall correlated 1.8% luminosity uncertainty

» Combination interpreted as test of e — p universality: most precise test for on-shell
W, “only" factor 2 worse than LEP for Z

»1.05
=T‘~ ATLAS
“ (s=7TeV, 46"
o
B
>
2
;
E+I
B
I " —
o:g F 1
- Data
| BER,LEPEE - WW |
0.951 B R, LEP+sIDee - Z N
| o standard Model i
L L L
0.95 1 1.05
— ofid fid
k R, = F - e'e / OFN* - '
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Differential cross-section combination ‘

» 105 measurement points: W as function of charged lepton rapidity \ne
function of di-lepton rapidity |ye¢| and mass mg,

. Z/y* as

» Different detection challenges for electrons and muons

» e — y combination to 61 final points including all correlations: x?/n.d.f. = 59.5/53

x10° x10°
S ey Ao e B L A e s s e
° r ATLAS 4 paa 1 T FATLAS D ]
2 oof BETTev.45 o % w18 3'5? \5=7TeV, 461" % e E
g r w* o ety [ Multijet 1 -8 3;W+ TR [ |
L s CJw-tw {1 3 r CJw-tw 1
400} Bl 2y -ee ,: 3 2.5; [ Muttijet é
F ] § £ ]
300 4= ¥ B
r 1 & 15F =
200 1 3 £ El
r ] 1~ E
100 E 0.5F 3
w B e e —e—n—|

-2-15-1-050 05 1 15 2 -2-15-1-050 05 1 15 2

Electron n Muon n
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Differential cross-section combination ‘

Events /0.2

» 105 measurement points: W+
function of di-lepton rapidity |yee| and mass my,

. Z/~" as

» Different detection challenges for electrons and muons

» e — y combination to 61 final points including all correlations: x?/n.d.f. = 59.5/53

= T
= ATLAS =W~ v,
= 800{5=7Tev 4.6 bt $W ~eve o
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xm3 © ><1Cl6
6001 LR A A AR A A 600z o, e 4 x4 LA A R B A
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500Ew* ey [ Mutiet 4000 ] % W -ty Eav‘;vuu 3
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Differential cross-section combination ‘

Events /0.1

. Z/~" as

» 105 measurement points: W™ as function of charged lepton rapidity \771z
function of di-lepton rapidity |yee| and mass my,

» Different detection challenges for electrons and muons

» e — y combination to 61 final points including all correlations: x?/n.d.f. = 59.5/53

T —
o -
= 200fATLAS ez
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z s eV, 4.6 fb =7 T
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F=l E 3
£ 1.02F =
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3 098 2
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5 GEof 8 aioiag 0 0,08 O
TP PP PRI FOPTE FOVPTIONN) oF 28..0 2 023 [T P T TN I
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Integrated cross section vs. Theory A

> Interpretation of measurement in terms of PDFs relies on accurate theory
calculations at NNLO QCD and NLO EWK

» Measured integrated fiducial cross sections more precise than most PDF sets: w*
well described, W/Z ratio systematically different

3.2 e

= = T —
=3 L ATLAS (s=7TeV,46f0™ | =3 r ATLAS Vs=7TeV, 4.6 fb™
2 L |
— L e Dpata 1 £ 52 ® Daa _
. t | *x  ABMI2 | ﬂ’ F % ABM12 ,
== 5 cTi4 = rdn cmas b
© 3 O HERAPDF20 N © [ O HERAPDF2.0 ]
L0 JRr14 i 51 O JR14 N
[ /A MMHT2014 i [ A MMHT2014 ]
4 NNPDF3.0 7 /Ay | Y NNPDF3.0 |
L + .

/*/ 4.8 .
28l / B L |
[ 68% CL ellipse area ) L 68% CL ellipse area 4

r IZI stat 0 syst uncertainty 7 46— III stat [ syst uncertainty
F - stat O syst 0 lumi uncertainty | : - stat 0 syst [ lumi uncertainty :

26 P T I P I P T IR I N1 T
1.8 1.9 2 2.1 0.46 0.48 0.5 0.52
fid fid _

Ow _ [y [Nb] o7y _, vy [nb]
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Integrated cross section vs. Theory

> Interpretation of measurement in terms of PDFs relies on accurate theory

calculations at NNLO QCD and NLO EWK

» Measured integrated fiducial cross sections more precise than most PDF sets: W®
well described, W/Z ratio systematically different

— —— — T T ——— T
ATLAS ATLAS
s=7TeV, 46" — 5=7TeV, 46" =
— Data — Data
stat. uncertainty stat. uncertainty
[ total uncertainty [ total uncertainty —_——
*  ABM12 *  ABM12
& CTi4 & CT14 K
O HERAPDF2.0 O HERAPDF2.0
¢ JR14 0 JR14 —f—
A MMHT2014 A MMHT2014
+# NNPDF3.0 #* NNPDF3.0 e
I I I I | | | I I I |
1.42 1.44 1.46 1.48 15 1.52 1.54 9.2 9.4 9.6 10 fid 10.2
fid fid i -
0W+ Y / O'W- v Ry / GZ/V* ST
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Differential cross section vs. Theory A

= 160 T T T e s I
=3 E ATLAS , ZIy* - Nl ] 0.3 T ATLAS Vs=7TeV,46fb =
%? 140 Vs=7Tev, 461 66 <m, <116 GeV ] 0285 § o i
B KR ER TR 7'5_ Py, > 20 Gev ] F o ocma v Fo B
T 120 ‘;‘k,ég | <25 - 0.26 E O HERAPDF2.0 + ]
C = J C 0 JR14 #* i
100 — ks - 0'24: A MMHT2014 3]
F e 4 0.22 F # NNPDF30 A ; -
80— - [ —+ uncorr. uncertainty w |
F e Daa e b 0.2 E I Total uncertainty _ﬁ_ E
60— * ABM12 — 018F - =
[ & cru4 ] o ﬁ |
- O HERAPDF2.0 - 016 ﬁ' Lepton Asymmetry
400 g = OF ,&? P, > 25 GeV E
= —4— Uncorr. uncertainty — C a1
[ A MMHT2014 - 7 p. >25GeV =
[ Total uncertainty o 0.14 Ty 1
20 C* NNPDF‘&D luminosity excluded (+ 1.8%) ‘ ] m; >40 GeV !
] T R R N T S R RN TR
© Attt < 4
- — g f
g B T TE LT a =
20951 +A+ M'{’ﬁh"" ﬁ‘#h ‘ 13 ;
g o 1 15 2 2 2.5
i ) = In|

» Challenge for theory to describe the data at sub-percent level
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Differential cross section vs. Theory

ALRA LRSI RADHARAIARE KRR

Zos

i

» Quantitative x? analysis of theory/data agreement using all differential distributions:
CT14 (x*/n.d.f. = 103/61) best, NNPDF3.0 (x?/n.d.f. = 147/61) worst

» Older CT10 gives x?/n.d.f. = 101/61 — used as baseline for W mass

Data set ndf. ABMI2 CT14 MMHTI4 NNPDF3.0 ATLAS-epWZI12
wt = Fy 11 1121 1026 11|37 1118 12|15
W~ o 11 12]20 8.9]27 8.1|31 12[19 7.8|17
Z/y* — 0L (mgp = 46 — 66 GeV) 6 17[21 11/30 18[24 21[22 28|36
Z/y* — £ (mgp = 66 — 116 GeV) 12 24(51 16(66 20|116 14/109 18]26
Forward Z/~* — €0 (mg, = 66 — 116 GeV) 9 7.3]9.3 10[12 12[13 14[18 6.8]7.5
Z/y* — 0L (mgp = 116 — 150 GeV) 6 6.1/6.6  6.3]6.1 5.9/6.6 6.18.8 6.7/6.6
Forward Z/~* — ££ (mgy = 116 — 150 GeV) 6 4239  5.1/4.3 5.6]4.6 5.1/5.0 3.6[3.5
Correlated x* 57|90 39[123 43167 69]157 3148
Total x° 61 136222 103200 118396 147[351 113[159
A

X2 {with | without} uncertainties from PDF sets

A
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QCD fit analysis

v

v

v

v

uncertainties in the interpretation

Le W x*/n.df.

Total ATLAS
1 1 1321 / 1102 108 / 61
1/2 1/2 1297 /1102 85 / 61
2 2 1329 / 1102 115 / 61
1 1/2 1307 /1102 94 /61
1 2 1312 / 1102 100 / 61
1/2 1 1304 /1102 94 /61
2 1 1321 / 1102 107 / 61

N

Use the final HERA 1l DIS data set and new ATLAS W and Z data to derive a new
PDF set (ATLAS-epWZ16)

NNLO QCD can describe data, nominal y? = 108/61

W, Z predictions at half of the conventional scales p, = pf = 0.5myg, improves fit
X° significantly x* = 85/61
QCD scale uncertainty and FEWZ-DYNNLO difference one of the dominating

gg — H @ N3LO [PRL 114 (2015) 212001]

TRC@ 318V

by
825 05 wmy L 2
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The strange-quark density A

— st3 R, = s+3

» Confirmation of large strange-quark sea at low E w+d
Q> = 1,_9 GeV? and low x = 0.023: Central value 1.19 113
rs =5/d =1.19 4+ 0.07 (exp) £ 0.16 (fit + thy) Experimental data +0.07 +0.05

Model (my, Q2;,, Q3 & m.) +0.02 +0.02

» Strange-quark density at low x of similar size as
40.02  40.01

up—quark and down—quark Parameterization ~0.10 ~0.06
. . as .00 +0.01
» Experimental uncertainty well below theory 1001
R Beam energy £, +0.03 70’02
systematics ‘
EW corrections +0.01 +0.00
> Tenspn w!th most PDF set_s due to _ QCD scales H008 4006
neutrino—fixed target DIS di-muon data, which  ppwz 5102 1010 4008
?
favours rs ~ 0.57 Total uncertainty tg%g +0.11
ATLAS 2011 W, Z data + HERA Il
e LT A
2_ 2
Q°=1.9 GeV*, x=0.023 ATLAS ATLAS 2010 W, Z data + HERA |
4 ABM12 -+ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
= NNPDF3.0 Q%=1.9 GeV?, x=0.023 epWZ free 5 ATLAS
o MMHT14 —_— 4 ABKMO9 .
v CT14 v = NNPDF2.1 —
5 ATLAS-epWZ12 — T et o) - i
ATLAS-epWZ16 [ total uncertainty
exp uncertainty experimental uncertainty
‘ ‘

W exp+mod+par uncertainty 02 0 02 04 06 08 1 12 14
exp+mod+par+thy uncertainty Is

02 04 06 08 1 12 14
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W-boson mass results
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Fully differential physics model for DY A

» None of the standard MC generators provides a sufficiently precise description of
production and decay of W* — fv and Z/~* — &4
» Factorisation of five-dimensional DY cross section allows reweighting

do

7
m 1+ COS2 GCS + Z Ai(mu, PT,M,)/M)f;'(aCS, ¢CS)

i=0

» Higher order QED effects simulated, missing EWK pieces as systematics

> mye: “simple” BW-resonance, scan my ...

> yue, angular coefficients A;: fixed-order NNLO QCD with CT10, validated by
measured W, Z cross-sections and Z — £¢ angular correlations (JHEP08(2016)159)

o
©

o 1.4 7 e
. T n B Data uncertainty
> pr e needs resummation or parton o i BB (=FEWZ (u=M,) (POF + scale unc)
shower .5 r @FEWZ(“:MZ)(ZPDFUM.)
B r B DYNNLO (h=E?)
E 1.2~ @ ADYNNLO (H=E%) + NLO E)
a C
1.1~ B
F L]
0.9 ATLAS
[ fs=7Tev; [Ldt=470"
1

10 10
A P} (Ge]
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Transverse momentum distribution ‘

» Easy to measure for Z — ¢4, hard for W — ¢v — tune on Z, predict W
» Z — W translation: PDF and heavy-quark effects, large cs contribution to W

» Advanced resummed prediction like DYRES, ResBos etc (NNLO + NNLL) fail —
Pythia8 left as only working choice: validated by uﬁ distribution

» Perform variations on Pythia8: factorisation scale (separate for light and heavy
quarks), mc, mp, PDF in parton shower and matrix element

1/o do/dp_ [GeVY

o o o AR N e R B e S
0.08-ATLAS —4- Data 1 & MEATLAS —4— Data E
0.07E-15=7Tev, 47 fbo* —¥— Pythia 8 4C Tune] L3V5=7TeV, pp-2+X. 471 Z% pythia 8 AZ Tune]

- E pp-2z+x = Pythia 8 AZ Tune] 1.2F V5=7TeV, pp—W+x, 30 pb* 3
0.061~ E “E g E
005t 3 L= 3
T ] 1 == =
0.04F- E E E|

E E 0.9F E
0.035 E 0.8E —— =
0.02F E 076 —_—
0.01= = 0.6E- —

E I P I B B B I B e o) -] S N N PN SN AAVEFN PRI W

0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70

p! [GeV] P, [GeV]
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Transverse momentum distribution ‘

» Easy to measure for Z — £¢, hard for W — fv — tune on Z, predict W
» Z — W translation: PDF and heavy-quark effects, large cs contribution to W

» Advanced resummed prediction like DYRES, ResBos etc (NNLO + NNLL) fail —
Pythia8 left as only working choice: validated by uﬁ distribution

» Perform variations on Pythia8: factorisation scale (separate for light and heavy
quarks), mc, mp, PDF in parton shower and matrix element

o 1.2¢ - . s LlLl———1 1
< L 15; ATLAS Simulation cD‘E [ ATLAS W g\, 7]
15F ) r —— Data |
© E s=7 TeV, pp -~ W+X, pp » Z+X 3 1.08 {s=7TeV, 4.1 bt o ot 8 A7 -
1 = Flr — — DYRES ]
o 1.06H ‘ —— Powheg MINLO + Pythia 8~
1.05 g ]
1.04 —
1 0 1
0.95f 1.02F 4
[ == Pythiag AZ |
O9F ZpyRes 1.0 == 1
0.85F — Resbos
F —CuTe 0.98
S T B E T T T T S O I R
0'80 5 10 15 20 25 30 35 40 -30 -20 -10 0 10 20 30
Py [GeV] u [Gev]
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Transverse momentum distribution ‘

» Easy to measure for Z — ¢4, hard for W — fv — tune on Z, predict W

» Z — W translation: PDF and heavy-quark effects, large cs contribution to W

» Advanced resummed prediction like DYRES, ResBos etc (NNLO + NNLL) fail —
Pythia8 left as only working choice: validated by uﬁ distribution

» Perform variations on Pythia8: factorisation scale (separate for light and heavy
quarks), mc, mp, PDF in parton shower and matrix element

~1.04F : :
Eg E ATLAS Simulation
1.03F
© £ (s=7 TeV, pp— WX, pp— Z+X
1.02E5
1015
1=
0.99F
0.98E
E - W --- LOPDFW" — Total W*
0.97F m. - LOPDFW  —Total W
oo b b by b by b e by
0.965 5 10 15 20 25 30 35 40

Py [Gev]
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W-like cross-checks with Z events

Extract Z-mass using W-like distribu- .2

tions of p% and mr as closure test

N

p.z-ee | ATLAS

Vs=7TeV,4.1-46fb*

° m, (Fit)
= Stat. Uncertainty
— Full Uncertainty
& m, (LEP Comb.)
+ Full Uncertainty

Mz | ——
= statistics dominated, ok at ~ 1.50 — ———
m,z- 1T —
| s \ \ \ \
91120 91140 91160 91180 91200 91220 91240
m, [MeV]
3
> 1607540 ‘ ‘ > AR ‘ ‘
% 4o ATLAS o Data 3 60000E- ATLAS oDaa
g (s=7TeV,41fb? Wz ~ Vs=7TeV, 4.1 1" Wz 1
n 120 [JBackground __ 50000 [ Background
=
g 100 £ 40000
[
w
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. . . . .0
W-boson mass fit distributions: p*-
x10° x10*
% 3 120 N
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W-boson mass fit distributions: m+ ‘

x10% ><1D3
T

> T T = > T T T
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W-boson mass result per category

> Analysis binned in || and W*-charge
categories and fit performed in both p%
and mt
» P(x?) distribution over all fit
categories: uncertainties well calibrated
» Combination including correlations:
x?/n.d.f. =29/27
S 80700; Ap.W) [Stat Unc
2 goeso- ATLAS Vp/(W)  —Total Unc
= (s=7TeV, 46 fb" Am (W) [stat Unc.
58060 ' ' ¥ m (W) ~Total Unc.
8055 W ev 3 3 —Comb Fit [JTotal Unc
8050 | | |
8045 ; ; ;
8040 L 1 L
8035 +7+ o + ‘ ‘ f :
8030 | * + | |
80250 | | |
80200° : : :
0.0<|q||<0.6 0.6<|r|‘|<1.2 1.8<|q‘|<2.4
Category

A

—  20f
N 18:7 ATLAS — Full Uncertainty
E 16:7 Vs=7TeV, 4.1-46f0% Stat. Uncertainty
8 14
12
T R o T L
1= I A S B
[
a-
2F
T T P P T PR ET R SRR TN B
0 03 04 05 06 07 08 09 1
P(X%n)
< 80700¢ -
% E ATLAS Ap (W) [stat Unc.
< 80650F- Vo (W)  —Total Unc.
= Els=7Tev,41f" Am (W) [stat Unc.
806001 \ . ¥ my(W) —Total Unc.
80550;\/\F - kv i — Comb Fit [JTotal Unc.
805001 3 3 |
80450F + 3 3 + |
804001 1 + 1 1
80350;—+ | f** *+ : : -
80300F 3 | ey
802501 } } }

0,0<|n||<0.8 0.8<|n‘|<144 1.4<|q||<2.0 2.0<|n‘|<2.4
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W-boson mass result per category

Channel my Stat. Muon Elec. Recoil Bckg. QCD EWK PDF | Total
mr-Fit [MeV] | Unc. Unc. Une. _Unc. Une. _Unc.  Unc. _Unc | Unc.

W+ = v, n] <0.8 80371.3 | 29.2 124 0.0 15.2 8.1 9.9 34 28.4 47.1
W+ — w08 < |n| < 1.4 | 80354.1 | 32.1 19.3 0.0 13.0 6.8 9.6 3.4 23.3 47.6
W = ur, 1.4 < |n| < 2.0 | 80426.3 | 30.2 35.1 0.0 14.3 7.2 9.3 34 27.2 56.9
W — ur,2.0 < |n| <2.4 | 80334.6 | 40.9 1124 0.0 14.4 9.0 8.4 3.4 32.8 || 125.5

W= = v, |n| <0.8 80375.5 | 30.6 11.6 0.0 13.1 8.5 9.5 34 30.6 48.5
W= = uw,08 < |n| < 1.4 | 80417.5 | 36.4 18.5 0.0 12.2 7.7 9.7 3.4 22.2 49.7
W= = ur, 14 < |n| < 2.0 | 80379.4 | 35.6 33.9 0.0 10.5 8.1 9.7 3.4 23.1 56.9
W™ — ur,2.0 < || <2.4 | 80334.2 | 52.4 123.7 0.0 11.6 10.2 9.9 3.4 34.1 139.9

W+ = e, [n<0.6 80352.9 | 29.4 0.0 19.5 13.1 15.3 9.9 34 28.5 50.8
W = er,06 < |n| < 1.2 | 803815 | 30.4 0.0 214 15.1 13.2 9.6 34 23.5 49.4
W+ — e, 1,8 < |y <24 | 80352.4 | 32.4 0.0 26.6 16.4 32.8 8.4 3.4 27.3 62.6

W= = ev,|n| < 0.6 80415.8 | 31.3 0.0 16.4 11.8 15.5 9.5 3.4 31.3 52.1
W~ = er,0.6 < || < 1.2 | 80297.5 | 33.0 0.0 18.7 11.2 12.8 9.7 3.4 23.9 49.0
W~ —ev,1.8 < |n| < 2.4 | 80423.8 | 42.8 0.0 33.2 12.8 35.1 9.9 3.4 28.1 72.3

pr-Fit —

W+ = v, [n] < 0.8 80327.7 | 22.1 12.2 0.0 2.6 5.1 9.0 6.0 24.7 37.3
W+ = w,0.8 < |y <14 | 80357.3 | 25.1 19.1 0.0 2.5 4.7 8.9 6.0 20.6 39.5
W+ = ur, 1.4 < 5] < 2.0 | 80446.9 | 23.9 33.1 0.0 2.5 4.9 8.2 6.0 25.2 49.3
W+ — u,2.0 < || < 2.4 | 80334.1 | 345 [110.1| 0.0 2.5 6.4 6.7 6.0 || 31.8 | 120.2

W= — pv, [y < 0.8 80427.8 | 23.3 11.6 0.0 2.6 58 8.1 6.0 26.4 39.0
W~ = uw,0.8 < |n| <14 | 80395.6 | 27.9 18.3 0.0 2.5 5.6 8.0 6.0 19.8 40.5
W= = pur, 1.4 < |n| < 2.0 | 80380.6 | 28.1 35.2 0.0 2.6 5.6 8.0 6.0 20.6 50.9
W~ — ur,2.0 < |n| <24 | 80315.2 | 45.5 116.1 0.0 2.6 7.6 8.3 6.0 32.7 || 129.6

W+ = ev, In] <0.6 80336.5 | 22.2 0.0 20.1 2.5 6.4 9.0 5.3 24.5 40.7
W+ = er,0.6 < || < 1.2 | 80345.8 | 22.8 0.0 214 2.6 6.7 8.9 5.3 20.5 39.4
W+ —ev, 1,8 < || <2.4 | 80344.7 | 24.0 0.0 30.8 2.6 11.9 6.7 5.3 24.1 48.2

W= = ev,|n| <0.6 80351.0 | 23.1 0.0 19.8 2.6 7.2 8.1 5.3 26.6 42.2
W~ = ev,0.6 < |n| < 1.2 | 80309.8 | 24.9 0.0 19.7 2.7 7.3 8.0 5.3 20.9 39.9
W~ = ev, 1.8 < |n| <24 | 804134 | 30.1 0.0 30.7 2.7 11.5 8.3 5.3 22.7 51.0

In| comb e - ~15 MeV Strongly Strongly [n| comb.
correlated correlated

A

u - ~11 MeV
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W-boson mass result ‘

R S o I 0 103 IR gy = s i
p'Tv W= v ATLAS I . - ilTII.UUnce{IgiTyw
PLW v | 5=7TeV, 4146 — g E5Ful Unoerain
o D e T T T e . — m,, (Full Comb.) B 3 :
St Unceniainty Combination Weight
—‘.— Full Uncertainty Electrons 0.427
,,,,,,,,,,,,,,,, ey TWW”””””””” Muons 0.573
T mr 0.144
‘
—— Pk 0.856
N ——
*********** e w+ 0.519
— w- 0.481
L 1 1 ] T ] ] ] 1
80280 80300 80320 80340 80360 80380 80400 80420 80440 80460
m,, [MeV]
» p% fit dominates — as expected, mt mostly validation
» Electrons contribute significantly
my+ —my- = —29+13MeV(stat.) &= 7 MeV(exp. syst.) £ 24 MeV(mod. syst.)
—29 4+ 28 MeV
Channel | my+ —my- | Stat. Muon Elec. Recoil Bckg. QCD EW PDF | Total
[MeV] Unc.  Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc.
W —ev —29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 30.7
W — uv —28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 33.2
Combined |  —29.2 | 128 33 41 10 45 04 00 239 | 280
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First ATLAS W-boson mass result

LA B B L B L B B
—’—
ALEPH ATLAS
DELPHI °
L3 ——————
OPAL _—
CDF L=
DO —=
ATLAS W* —=0=
~ ® Measurement |
ATLAS W Stat. Uncertainty
ATLAS W* — Full Uncertainty —
PR NS SN S SN TS S S NS SN NSO ST SO NS S
80250 80300 80350 80400 80450 80500
m,, [MeV]
mw = 80370+ 7MeV(stat.) = 11 MeV(exp. syst.) &= 14 MeV(mod. syst.)

80370 + 19 MeV

Stat. Muon Elec. Recoil Bckg. QCD EWK PDF Total
Unc. Unc. Unc. Unec. Unc. Unc. Unc. Unc. Unc.
6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 [MeV]

A
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First ATLAS W-boson mass result

T T T T

ATLAS e m,
= Stat. Uncertainty

— Full Uncertainty

LEP Comb. @-80376£33 MeV
Tevatron Comb. @- 2038716 MeV
LEP+Tevatron @-80385+15 MeV
ATLAS _ @-50370£10 MeV
Electroweak Fit 803568 MeV
80320 80’:’,40 80§60 SOéSO BOAIIOO 80420

m,, [MeV]

Good agreement with the Standard Model
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Summary & Outlook

Two milestones from the LHC precision frontier:

> Precision cross-sections at < 1% level: strong constraints on PDFs —

flavour-symmetry of light-quark sea

> First measurement of the W-boson mass at LHC: many thought it would be
impossible at this precision; good agreement with SM prediction

Final uncertainties on the interpretation dominated by theory:

> Possibly not completely unexpected for pp collisions

» Some theory limitations can be reduced by performing and incorporating additional
measurements (8 TeV and 13 TeV)

» Help from the theorists to improve modelling

Q?=1.9 GeV? x=0.023

4 ABM12 -

= NNPDF3.0

© MMHT14 B —
v CT14 _

o ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
[exp+mod-+par uncertainty
exp+mod+par+thy uncertamty‘

ATLAS

0 02 04 06 08

A

> [ ATLAS = m, =80.370 + 0.019 GeV ]

©, 805 Bl =17284+070GeV

E% F --'m,=125.09 £ 0.24 GeV

30_45} 4 68/95% CL of m,, and m, {

80.4 =

80.35F .

80.3 i [ 68/95% CL of Electroweak |

iy Fitw/o m,, and m, J

= (Eur. Phys. J. C 74 (2014) 3046) -

L Cov v b 1 O by 1T
14 80X Tes I 175 180 185

fs m, [GeV]
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Backup - A largely random collection

Jan Kretzschmar, 27.01.2017
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Electron Efficiency

s
X
X

Data/MC efficiency ratio

[EPJ C74 (2014) 3071, EPJ C74 (2014) 2941] l

1B P e 3 1600
[ ATLAS Simulation [Z] Up to calorimeter 3 o E ATLAS 20110ata\/§:7'revILm:4.7fh" ]
14 Il Up to presampler]| = 1400 ' ' 3
C B 3 £ * Probes |
12— — s 1200 = Tight probes —
E B I =+ Bkg template 1 ]
10— - 1000 — Bkg template 2 —
Si E 15<E,<20 GeV, hi<2.47 ]
o 3 600~ E
4= 1 400 -
200 3
AT N T O:‘ /I I ., % o]

0 05 1 15 2 25 3 35 4 45 5 60 80 100 120 140
Inl Invariant mass me, [GeV]
R T T A R S S S
F ATLAS 2011 Data,\/§:7Te\/,IL dt=47" £ 100F- ATLAS 2011 Dala‘\E:7TeVILdl:4.7fb"i
3 1 g k A
E g 90 . * -
3 (=] £ . "7
EE - ’ -
v & 7 - 80F + t . L
| - - - 4
b EE I A
4 $ E ] = v E
R R mﬁn. LR ¢+ = A o ]
F t ” s $$ B g F E|
Eoe b3 5§ eof v ! E
E & B £ F * Combined Loose ]
= 5 $ 3 S 500 + = Combined Medium
E Tight W & 35<E<40Gev ] F v Combined Tight
Py TR E R B RSN B B [ I B I DN I P P B

0.85 - 1 0 T 2 40 10

n of the probe E; [GeV]
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Hadronic Recoil Calibration

» Scale and resolution calibration using projections parallel

<yt p‘; >[GeV]

Data - Pred. [GeV]

4

and transverse to Z

direction

ATLAS ‘ 5 CFATRE T ]
v E E
Vs=7TeV, 4.1fb? % 155 {s=7TeV, 4.1 fo* 3
—-Data En 15p 4 Data E
- Z - uy (before corr.) ‘o’ £ -~ Z-pp (before corr.) |
4~ Z - py (after corr.) 145 4= Z-uy (after corr.) 3
—— E 3
—_ 14 —e——8=
—— = —e— B
13.5 — —o— =
— E —e— E
B, == E
* 125 E
I | | | | 12E | | | | | | | | | d

5 10 15 20 25 2U 5 10 15 20 25 30 35 40 45 50
P} [GeV]
g 1.04F g
3 E =
& 1.02F e =
Eo IR 5 1 P 40—:
8 098 3
3 0.96F 3

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
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I/-boson mass fit distributions: p%iss

x10°

ATLAS
(s=7TeV,4.6fb™

Events/ 0.5 GeV

[]Background
X?/dof = 61/59

ATLAS
Is=7TeV, 4.6 !

[ Background
X?/dof = 68/59

Events/ 0.5 GeV

g 1 ETY TR - I v S £ S S
a LRI TR FEMSTANE . 1) (G < NI 5 & k4 |.+ J.l-l-+ PP A |
< 0.99E- '1‘ T T -h 1‘41""”{- VT TI'"ﬂI-l' < 099 T-l- L B +T""'J.+T1"+1‘ i 1"“T bl A 1
S 098 S 098 1 LTL
8 30 35 40 45 50 55 60 g 30 35 40 45 50 55 60
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= WmW - wv (s=7TeV, 4.1 MWW - uv
100} [ Background [ Background
, X2/dof = 69/59 X2/dof = 47/59
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W-boson mass: ¢ dependence

P E ATLAS
2 400 ATLAS . 2 400 3
Eg 300; Vs=7 TeV, 4.6 fb E; 300; Vs=7 TeV, 4.6 fb
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50023 -2 -1 0 1 2 3 50023 - - 3
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500 500
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=, 400¢ X S 400F 3
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_100; :4::*: _100; —+—:*: :*:%:
“200= ey “200= ey
3005 4p 3005 g
—400E- +m; -400E +m;
. = 1 1 1 1 1 1 i =] 1 1 1 1 1 1
5003 -2 -1 0 1 2 3 500=3 -2 -1 0 1 2 3
¢ [rad] @ [rad]

Jan Kretzschmar, 27.01.2017

64



W-boson mass: boson pr W vs. Z A

z 20000E" AT AS T T A = > >
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W mass: x-checks ‘

Decay channel W —ev W — uv Combined

Kinematic distribution ph mr 2 mrp 5 mr

Amy [MeV]
(p) in [2.5,6.5] 8+14 14+18 —-21+12 0+16 -9+ 9 6+12
(u) in [6.5,9.5] —6+16 6+ 23 12+15 —8+22 4+11 —-1+16
(u) in [9.5,16] —-1+16 3+27 25+ 16 35+26 12+11 20+ 19
ur in [0,15]GeV 0+11 —-8+£13 5410 8+12 3+ 7 -1+ 9
ur in [15,30]GeV 10+ 15 0+24 —4+14 -—-18+22 24+10 -10+16
uj<0GeV 8+15 20+17 3+£13 —-1+16 5410 9+12
u > 0GeV -9+10 1+£14 -12+£10 10£13 —-11+ 7 6+ 10
No pRiss_cut 14+ 9 —-1+13 10+ 8 —6+12 12+ 6 -4+ 9
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W mass: category summary A
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | x2/dof
categories [MeV] | Unc.  Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.
my, W, e-p 80370.0 | 12.3 83 6.7 145 97 94 34 169 309 2/6
mr, W™, e-p 80381.1 | 13.9 88 66 118 102 97 34 162 305 7/6
my, W, e-pt 80375.7 | 9.6 78 55 130 83 96 34 102 251 | 11/13
P, W, e-pt 80352.0 | 9.6 6.5 84 2.5 52 83 57 145 235 5/6
P, W™, e-p 80383.4 | 10.8 70 8.1 2.5 61 81 57 135 236 10/6
P, WE, e-p 80369.4 | 7.2 6.3 6.7 2.5 46 83 57 90 187 | 19/13
ph, W e 80347.2 | 9.9 0.0 14.8 2.6 57 82 53 89 231 4/5
mr, W, e 80364.6 | 13.5 0.0 144 132 128 95 34 102 308 8/5
mp-p, W, e | 803454 | 11.7 0.0 16.0 3.8 74 83 50 137 274 1/5
mr-p, W, e | 80359.4 | 12.9 0.0 15.1 3.9 85 84 49 134 276 8/5
mr-ph, W, e 80349.8 | 9.0 0.0 14.7 3.3 6.1 83 51 90 229 | 12/11
S, WE 80382.3 | 10.1  10.7 0.0 2.5 39 84 60 107 214 77
mr, W, 80381.5 | 13.0 116 0.0  13.0 60 96 34 112 272 3/7
mo-ph, W, | 80364.1 | 114 124 0.0 4.0 47 88 54 176 272 5/7
mo-ph, W™, | 80398.6 | 120  13.0 0.0 4.1 57 84 53 168 274 3/7
mp-ph, WE, | 80382.0 | 86 107 0.0 3.7 43 86 54 109 21.0| 10/15
mr-ph, W, e-p | 80352.7 | 8.9 6.6 82 3.1 55 84 54 146 234 7/13
mp-ph, W™, e-pu | 80383.6 | 9.7 72 7.8 3.3 66 83 53 136 234 | 15/13
my-ph, WE, e | 80369.5 | 6.8 6.6 6.4 2.9 4.5 83 55 9.2 185 | 29/27

A
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W mass: physics model uncertainties

W-boson charge w+ W= Combined

Kinematic distribution pe mr ph mr Pty mr

dmw [MeV]
Fixed-order PDF uncertainty 13.1 149 12,0 142 8.0 87
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower pp with heavy-flavour decorrelation 5.0 6.9 50 69 50 6.9
Parton shower PDF uncertainty 36 40 26 24 1.0 1.6
Angular coefficients 58 53 58 53 58 53
Total 159 181 14.8 172 11.6 129

Jan Kretzschmar, 27.01.2017

68



W mass: electron & muon uncertainties

[n¢| range [0.0,0.6] [0.6,1.2] [1.82,2.4] Combined
Kinematic distribution pfr mr pff mr pff mr p%« mr
dmw [MeV]
Energy scale 104 103 108 101 16.1 171 81 8.0
Energy resolution 50 6.0 73 6.7 104 155 3.5 55
Energy linearity 22 42 58 89 86 106 34 5.5
Energy tails 23 33 23 33 23 33 23 33
Reconstruction efficiency 10.5 8.8 9.9 7.8 14,5 11.0 7.2 6.0
Identification efficiency 104 77 11.7 88 167 121 73 5.6
Trigger and isolation efficiencies 0.2 0.5 03 05 20 22 08 09
Charge mismeasurement 02 02 02 02 15 15 01 01
Total 19.0 175 21.1 194 30.7 30.5 142 14.3
|ne| range [0.0,0.8]  [0.8,1.4] [1.4,2.0] [2.0,2.4] Combined
Kinematic distribution pfr mr pfr mr pr  mr pfr mr pfr mr
dmw [MeV]
Momentum scale 89 93 142 156 274 292 111.0 1154 84 8.8
Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2
Sagitta bias 0.7 0.8 1.7 1.7 3.1 3.1 4.5 43 0.6 0.6
Reconstruction and
isolation efficiencies 40 36 51 37 47 35 6.4 55 2.7 2.2
Trigger efficiency 56 50 7.1 50 11.8 9.1 12.1 9.9 4.1 3.2
Total 114 114 169 170 304 31.0 1120 116.1 9.8 9.7

A
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W mass: recoil & background uncertainties A

W-boson charge w+ W= Combined
Kinematic distribution py  mr phy mr phy mr
dmy [MeV]
(1) scale factor 02 10 02 10 02 1.0
Y Er correction 09 122 1.1 102 1.0 11.2
Residual corrections (statistics) 20 2.7 20 27 20 2.7
Residual corrections (interpolation) 14 31 14 31 14 31
Residual corrections (Z — W extrapolation) 0.2 5.8 0.2 43 02 5.1
Total 26 142 27 118 26 13.0
W-boson charge w+ W= Combined
Kinematic distribution py  mr phy mr ph mo
dmy [MeV]
(1) scale factor 02 10 02 1.0 02 1.0
Y. Er correction 09 122 1.1 102 1.0 11.2
Residual corrections (statistics) 20 2.7 20 27 20 27
Residual corrections (interpolation) 14 31 14 31 14 31
Residual corrections (Z — W extrapolation) 0.2 5.8 0.2 43 02 5.1
Total 26 142 27 11.8 26 13.0
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W mass

Ny LT
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W mass

35<p <45GeV
32<p, <48GeV

32<p <46GeV

34<p <46GeV
35<p <46GeV

31<p <50GeV
32<p, <50 GeV
34<p_<50GeV
35< P < 50 GeV

T
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W mass
< 500 A
2400: TLAS w* g S
g - ev | 2 £
£ [ (s=7Tev,46f0? : ] ity 7
- A “pIT o ] 5400: . (Y ]
: : E [ Vs=7TeV,4.1fbt E
g I+ + B < e ' ‘ 7
200 An pmy E 300 3 - :
E T : ] g |
100 v yme 2006 |
] 100f=® LN i :
: E P :
-100F i Y 1
-200F ] I E
i ] -200F ]
1 Ei ]
- X ] ~300f~# ]
, B E ¥ E
_ ] —-400- E
A 0" " : : ]
jone! e e - E
? e ol sd' e )
oo™ Leg\ﬂ“e“\o 2 e o o
e s W\“\e‘“acm

Jan Kretzschmar, 27.01.2017
73



Amy, ATLAS vs. CDF

Stat. Muon Elec. Recoil Bckg. QCD EWK PDF Total

Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc.
6.8 6.6 6.4 2.9 4.5 8.3 5.9 9.2 18.5 [MeV]

Source Uncertainty

Lepton energy scale and resolution 7

Recoil energy scale and resolution 6

Lepton tower removal 2

Backgrounds 3

PDFs 10

pr(W) model 5

Photon radiation 4

Statistical 12

Total 19
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Z/~* transverse momentum

[EPJC 76(5), 1-61 (2016), arXiv:1605.04295]

N

> Vector bosons are produced with non-zero transverse momentum: interesting
interplay of effects from resummation and hard (jet) emissions
» High precision 2011 and 2012 results with < 0.5% precision after ee + puu
combination over a wide range!
» 2012 analysis extent to off-peak measurements: data/theory agreement not good at
O(a?), improved with very recent O(ca?) calculation — remainder PDFs?
» Important for W mass measurement, Higgs predictions, BSM searches...
Q4T I ERRRY T — =) E ATLAS (5=8 TeV, 203 fb"
L ATLAS Preliminary Vs=8TeV, 20.3fb™ ] OQVERIIIsCeV Iy <24
% 1 3i Statistical uncertainty —— ResBos ]
[a : ] ee-channel e,
= - B Total uncertainty ] o .
8 r 66GeVsm<116GeV,|y|<24 B —4— Combined
) 1.2~ 1 NN Statistical uncertainty
é C ] B Total uncertainty
I = J 4
=11 = F
g 1'1: =1 gBro1—"T— ,
B E A %g [ ‘,":w:EF
p | —— e 1 g5 me—
o - L 00.99— ., -
3 T w . [ YNDF=43/43
L = 5 SF 3
O'gTwwuu\ M| ol L E -2 |
1 10 10% 1 10 10°
Py [Gev] P! [GeV]

4
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Z/’)ﬂ< transverse momentum [EPJC 76(5), 1-61 (2016), arXiv:1605.04205] ‘

» Vector bosons are produced with non-zero transverse momentum: interesting
interplay of effects from resummation and hard (jet) emissions

» High precision 2011 and 2012 results with < 0.5% precision after ee + uu
combination over a wide range!

» 2012 analysis extent to off-peak measurements: data/theory agreement not good at
O(a?), improved with very recent O(a?) calculation — remainder PDFs?

» Important for W mass measurement, Higgs predictions, BSM searches...

Data (stat uncert) [l Data (total uncert.) Vs=8 TeV, 20.3 fb™
—e— DYNNLO DYNNLO#NLO EWK ATLAS
11 —:E o
1 T—— == 1
T T T 1
0.9-T-T -4 L =o.9
44t ﬁ_
el T T T Y Tos
§ 07k 12 GeV <m, < 20 GeV, |y“\ <24 _1 46 GeV <m, < 66 GeV, |yH| <24 o7
= L1 BN T 11
2 =l
E 1
g BT e
0.9 'T‘T 1| ES “‘MML“L{H* 0.9
e # T‘T—T— WA ] 11
_ o8- 4+ Hos
o 7| 208eV=m <30GeV ly|<24 | e6Gevsm<116Gev, ly|<24 o7
S
T 11 —_— q11
1 e
1 | T II 1
O'Q:f § TfTT#V :%0.9
Wn 1 |
0.8F -fT —+ H0.8
071, 30GeV sm <46 GeV. Iy <24 | 116Gev<m <150 fEeV. |y“\ <24 o7
50 100 500 2
k ol [cev) 1 10 P [GeV]
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Z/’y* transverse momentum [EPJC 76(5), 1-61 (2016), arXiv:1605.04205] ‘

>

do/dpf Ratio to NLO

Vector bosons are produced with non-zero transverse momentum: interesting
interplay of effects from resummation and hard (jet) emissions

High precision 2011 and 2012 results with < 0.5% precision after ee + uu
combination over a wide range!

2012 analysis extent to off-peak measurements: data/theory agreement not good at
O(a?), improved with very recent O(a?) calculation — remainder PDFs?

Important for W mass measurement, Higgs predictions, BSM searches...
NNLOJET PP Z+=0jet (pf>20GeV) ATLAS ¥5=8TeV
NNPDF 3.0 NLO —— NNLO ——  Data —— O<lyAi<24

E3xal

12 GeV <my <20 GeV 46 GeV <m; <66 GeV

1

20 GeV <m; <30 GeV 66 GeV <m; <116 GeV

30 GeV < my <46 GeV 116 GeV < my < 150 GeV
50 100 500 50 100 500
pf [GeV] p?[GeV]
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DGLAP

» PDF @? evolution DGLAP equations [Altarelli and Parisi, 1977]

fj(xt) ol0) { dyTY i 3, ya
- J [%’_‘1(3.&)?{1({ 9) Cr(‘j,t)Pun(y}} (22)

CJ'G'Xk «(t X y
=X oy Zq (Jk)f ()ralat) By (X (23
n Jﬁ [ 5% ”)] (t=1nQ%/Q2)

LHCb W, Z

107 g T
© HERANC E
e HERACC ]
10° . E
0 Fixed Target DIS 3
B ATLASW, Z ]
10° A

» Full LHC W, Z 10*
production x range
only covered by

HERA NC data

momentum transfer squared Q?

107 10‘ 10™* 1

k arton momentum fraction x
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Data sample A

Delivered Luminosity [fb]

CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC

=z + 2010, 7 TeV, max. 203.8 Hz/ub
§ 20 + 2011, 7 TeV, max. 4.0 Hz/ub 20
= * 2012, 8 TeV, max. 7.7 Hz/nb
b - 2015, 13 TeV, max. 5.1 Hz/ub
2 . 2016, 13 TeV, max. 15.3 Hz/ub
@ 15 ;15
2 4
£ e
E .
3 .
10 2t {10
'E 3
e .
H .
H W Py
T 5 lf A N 5
a s, P >
~ ', & .
3 %10 . . ’ . )
L A 2 HANY i . °
N AN AN N AN ™
(S (S (S (S (S (S
Date (UTC)
I T
ATLAS Online Luminosity E 180F ATLAS Online Luminosity 3
— 2011pp V3=7TeV E| 160 B 5=8TeV,Ldt=217 10", > =20.7]
::::::: g:::'::v 3 140) B B=7TeV flot=521b" g = 9.1

—2016pp V5=13TeV. BB Towl 5>=229

Recorded Luminosity [pb™/0.1]
Delivered Luminosity [pb0.1]

A

e W o 5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45 50
Month in Year Mean Number of Interactions per Crossing Mean Number of Interactions per Crossing
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Run 1 Lepton Performance: Muons

[EPJ C74 (2014) 3130]

» Main experimental issue for W and Z is quantitative understanding of lepton

performance: selection efficiencies, energy/momentum scales

N

» Thanks to the large Z — £/ samples this is mostly an exercise in time and dedication
» Muon efficiencies and calibration both known at the < 0.1% level (non-uniformities
in muon spectrometer and ID+MS alignment at um level)

oL r . . . . -
€ 1004F ATLAS z E
P C CB muons ]
g5 1.002F 4
£ 14 e 4 —ribe DS
Fre o000 TTET 88 Sk
Ef 0.998E"  \5-gTev ® Corrected MC E!
g0 0.996F L=203fb" O Uncorrected MC  —
£ 09 =4 ¢z g ‘ ‘ -
Y 0.gsEATLAS o E oo Y E
0.8E--° CB.MC ——CB, Data N = §z10021 " —
0750 ° CBSST.MC - CBST.Data  * T F N etsmassnstenttasatane Song e 0 4
= CaloTag, MC —+ CaloTag, Data 3 0.998 & %’ e OoOOOOOOo =
0.7E- E 998E =
0.65 Vs=8Tev =" Chain 1 Muons = 0-996;
E L=203fb" p, > 10 GeV E Q2 r
o 8 b = £ 1.004F
1.02 ¢ P £
s o2 AU ST I e
i) n: LR T ey T £ =
8 0.98 ¥ FF E
25 2 15 -1 05 0 05 1 15 2 25 0.9981
0.996
n £ , |

4
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Cross-section measurements ‘

» W' = ¢tv and W™ — £~ v measured integrated and as function of charged lepton
rapidity |n¢|: typical precision 0.6 — 1.0%

» Z/v* — £ measured integrated and as function of di-lepton rapidity |yee| and
di-lepton mass my,: typical precision 0.4%, forward Z 2.3%

Electron channels Muon channels

Sows dow— 00z O0terwaraz dow—  doz
N v
Trigger cfficiency 003 003 0.05 0.05 =
Reconstruction efficiency 012 012 020 0.13 Trigger efficlency 007 0.05
Identification efficiency 009 009 016 0.12 Reconstruction efficiency 017 0.30
Forward identification efficiency - - - 151 Isolation efficiency 0.09 0.15
Isolation efficiency 003 003 - 0.01 Muon pr resolution 001 <001
Charge misidentification 001 006 — - Muon pr scale 017 0.03
Electron pr resolution 002 003 001 0.01 . . -
Electron pr scale 022 018 008 012 B soft term scale 0.19
Forward electron pr scale + resolution - - - 0.18 ™ soft term resolution 0.09 -
B soft term scale 014 013 - - Jet energy scale 0.12
' soft term resolution 0.06 0.04 Jet energy resolution 0.16 -
Jet cnergy scale 001 002 Signal modelling (matrix-element generator) 006 0.04
Jet energy resolution 011 015 Signal modelling (parton shower and hadronization) 017 022
Signal modelling (matrix-clement generator) 057 061 003 112 POF 012 007
Signal modelling (parton shower and hadronization) ~ 021 025 0.18 125 - -
PDF 010 012 009 0.06 Boson pr. 014 0.04
Boson pr 0.22 0.19 0.01 0.04 Multijet background 0.27 0.07
Multijet background 055 072 003 0.05 Electroweak-+top background 024 0.02
Bletrowaktop bckground o1 o0 om0l Background statistical uncertainty 001 001
ackground statistical uncertainty 3 <o atistice rtainty - :
Lnfuiimg statistical uncertainty 003 004 004 0.13 Unfolding statistical uncertainty 003 0.02
Data statistical uncertainty 001005 010 018 Data statistical uncertainty 004 0.08
Total uncertainty 001 1.08 0.35 2.20 Total experimental uncertainty 0.59 0.43
Tuminosity s Tuminosity 13

A
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ATLAS W N

dofdn| [pb]

Theory/Data
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ATLAS 7
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PDF profiling

XT(x,Q)

Q*=19GeV*  ATLAS Q=19GeV?  ATLAS 1 O o6f  Q=19GeV*  ATLAS 1
MMHT14 MMHT14 1 X b % MMHT14 1
MMHT14 profiled MMHT14 profiled 1 2 £ & MMHT14 profiled q
0.5]
] N\ ]
0.4 = 0.4 =
B ] ]
0.3] 1 0.3 1
0.2] = 0.2 =
0.1 4 0.1 4
0! L L L J G: L L J
10° 102 10™ 10" 10° 107 10"
1. T T
r Q*=19GeV? Q%*=1.9 GeV?
44 MMHT14
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ATLAS-epWZ16

?’; [ ATLAS Q?=1.9 GeV? 8 0.9F ATLAS Q%=1.9 GeV? 8 [ ATLAS Q%=1.9 GeV?
X 05 ATLAS-epWz16 s ATLAS-epWZ16 % 0.5- ATLAS-epWZ16
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CKM matrix element | V|

N

> Data is also sensitive to the magnitude of the CKM matrix element | V|, which is
not well measured experimentally (although well determined when imposing CKM
unitarity)

> Related to strange density, as dependence is through cs — W contribution

(20 — 30% of W cross section)

» Determination competitive with existing values, much improved compared to earlier

NNPDF1.2 fit
T T T T T T T T T
ATLAS CKM fit
oD -Klv —
= Dy »1v —_—
© NNPDF1.2
o ATLAS-epWZ16 ———
inner uncertainty: exp only
‘ ‘o‘ute‘ru‘nc‘en‘am‘ty‘to‘tal‘ T
08 085 09 0.95 1 1.05
Vel
cs

Jan Kretzschmar, 27.01.2017

[Ves|
Central value 0.969
Experimental data +0.013
Model (my, Q2 @3&ms) o008
Parameterization tggg%
ag +0.000
Beam energy E, +0.001
EW corrections +0.004
QCD scales tgggg
FEWZ 3.1b2 +0.011
Total uncertainty tgg}'?
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Strange

15
IO P
. | I HERAPDFL5 Q=my
1 1.25 [ ] HERAPDFL1.5 + ATLAS Wc-jet/WD data
wl. —
= I ATLAS-epWZ12
0.75
CMS NLO free s fit:
[ HERA I DIS + CMS A + W+c
05 I I Lo | I
3 2 -1
10 10 10
X
T T T T T T T — T T T T T
Q%= mg, x=0.013 ATLAS Q%= mg, x=0.013 ATLAS
A ABM12 —h— A ABM12 —h
= NNPDF3.0 —=— = NNPDF3.0 —_——
* MMHT14 ——— o MMHT14 [
v CT14 _— v CT14 _—
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exp uncertainty exp uncertainty
[ exp+mod+par uncertainty [exp+mod+par uncertainty
e‘xp+mod+;par+thy L‘mcertaint‘y ‘ e‘xp+mod+‘par+thy L‘mcertaint‘y ‘ ‘
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. Iy Rs
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Strange

PDF parameterised at starting scale Q2 with 15 free parameters

Xty (X)
xdy, (x)
X (X)
xd(x)
xg(x)

x5(x)

Ay, xBe (1= )Cw (1 + E, x%),
Ag,xBav (1 - x)Cav |

AgxBi(1 - x)C%,

AgxBa(l - x)Ca,

AgxPe (1 — )€ — ALxBe (1 - x)C%,

AsxBs (1= x)Cs,
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W mass
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W mass
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W mass
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W mass: weights

Observable  Channel 7 range ‘Weight
myp Wt — v [n] < 0.8 0.018
08<|g <14 0022

14< gl <20  0.003

2.0<|p| <24  0.006

W~ = In] < 0.8 0.020

08<|nl <14 0.018

14< g <20  0.022

20<|yl <24  0.001

W+ = ev [n| < 0.6 0.013

0.6 <|pl <12 0.001

1,8<|n <24 0.010

W= —ev |n| < 0.6 0.008

0.6 < gl <1.2  0.000

18< [y <24  0.002

Pl Wt — v |n] < 0.8 0.101
08 <[y <14 0076

14< gl <20  0.050

20<|nl <24 0011

W= = uv Inl < 0.8 0.097

08 <y <14 0071

14<n <20 0.047

20< |y <24 0010

W+ —ev || <0.6 0.056

0.6 <|nl <12 0071

1,8<|n <24 0.081

W= —ev [n| < 0.6 0.062
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18< [y <24  0.067
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W, Z Combination A

Central Electron Isolation ATLAS

Central Electron Identification ATLAS

Central Electron Reconstruction ~ ATLAS

Correlation
Correlation
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Correlation
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by by b 3 by by by by by
3 3 H H 3 3 3 3 3
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W, Z Combination

Muon Reconstruction (stat) ATLAS

Single Muon Trigger
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W, Z Combination

dodin| [pb]

e u/comb.

Pull

e/comb,

Pull

T T T =y T T T
ATLAS {;w: — i, £ 600FATLAS A
800F(5= o W e 4 = - 1
(s=7TeV,46fb = Ty S 5007!5 7TeV, 4.6 fb E
s}
° W% B
(o]0} SNSRIV S B 400 S
1 300F -
400 g 2001 k|
100F E
:\\\\\\\\\\\\\\\\\\\\\\:D :\\\\\\\\\\\\\\\\\\\\\
1.0: & = 5 1.02E%
0.98F & 3 o98F % 3
E ER E E|
o =
Ok Do Oo-o-2 T H . o Do 052
0 05 1 15 2 2. 0 05 1 15 2 2.5
Il hl
A B B L I o o B T O T L o B
ATLAS - Z - [ATLAS = ATLAS - Z -y
Fle= 1 w2z - e'e 3 - 1 Fs= 1 4Z - e'e Ei
(s=7TeV, 4.6 fo =7 R (s=7TeV,4.6fb (s=7TeV, 4.6 fo pg!
F 46<m<66Gev E 116 < m, < 150 Gev
Pl e e R e
F ——— E ——
1000 3 o ]
£ E
- 50k £ E
Pl 3
| | | 5 L | 5 | | | |
1.05F -+ - ] & 10 izgl,’ m——
0.95F - 12 oot kg,:! + ’ j,
k5 E g5 3
= [} S =
0l Do Do DO o. E i) DOD Don o - Do DOD i 0 DO o Do . o
0 0.5 1 15 2 0 0.5 1 15 2 0 05 1 15 2

Jan Kretzschmar, 27.01.2017

96



The five-dimensional DY cross sections ‘

cross section do/dM [nb GeV"']

» Description of production and decay of single W* — ¢v and Z/y* — € depends
on five kinematic variables:

> Boson 4-vector: di-lepton mass myy, transverse momentum pr ¢, and rapidity yz,
> Spin-1 of W/Z/~v* bosons and EWK coupling effects the two decay leptons have
non-trivial angular correlations (O¢s and ¢cs)

» Can be factorised as

7
do 2

— |1+ cos’fOcs + Ai(m, pr,y)fi(Ocs, dcs

dmygedpr eedyee ¢ ; (m.pr.y)filfcs, dcs)
10"

A

|0“—>m g ‘q?csy Q
10" eCS A
loi p p

100 1000
mass M [GeV]
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A W — uv candidate

Run: 152845, Event: 3338173
Date: 2010-04-12 16:56:44 CEST

— _

A

6 /
AAN\AY p,(u-) = 40 GeV
nw)= 20

E,™= 41 GeV

Wa>pv candidate * = °
in 7 TeV collisions
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A Z — ee candidate

. . 15 E; (GeV)
Run Number: 154817, Event Number: 968871 T E, (e)= 45GeV E, (e") = 40GeV

@ AT LAS Date: 2010-05-09 09:41:40 CEST 1 (e)=021 (e =-038
i o M= 89 GeV

EEXPERIMENT Z>ee candidate in 7 TeV collisions
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