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Physics modelling for the W mass measurement

@ Introduction

@ Physics modelling overview
@ Electroweak corrections

@ QCD corrections

@ Summary and prospects

The talk includes not only a discussion of the ATLAS physics modelling,
but also open questions on theory to feed into the discussion
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Physics modelling for the W mass measurement

arXiv:1701.07240

I T

The ATLAS result equals in precision the AlLAC i
previous single-experiment best — FullUncertainty
measurement of CDF LEP Comb. ¢ 0376133 VeV
Tevatron Comb. @-20387+16 MeV
I\/I — 803 6 9 . 5 i 1 8 ] 5 M ev LEP+Tevatron o 80385415 MoV
W ATLAS @-50370+19 MeV
Electroweak Fit — @ 803568 MeV
80320 80(1340 8‘03[60 80(|380 802100 80420
m,, [MeV]

M,, = 80369.5 = 6.8 (stat) £ 10.6 (exp.syst.) = 13.6 (model.syst.) MeV

The dominant uncertainty is due to the physics modelling...

Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | y?/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.

mrp-pl, W, e | 80369.5 [[68][ 6.6 64 29 45| [ 83 55 92 |185| 29727

...and the largest contributions are from QCD

Stefano Camarda 3


https://arxiv.org/abs/1701.07240

LHC vs Tevatron - 1% quark generation

@ The m measurement in proton-proton collisions is affected by significant
complications related to QCD, with respect to proton-antiproton collisions

@ W-boson production at the Tevatron is charge symmetric and dominated by
Interactions with at least one valence quark, whereas the sea-quark PDFs
play a larger role at the LHC. The W polarisation at the LHC is more
influenced by PDF uncertainties, implying larger uncertainties on the lepton p_

distribution

@ The valence-sea difference, as well as the amount of sea quarks with u and d
flavour, must be known with better precision than needed at the Tevatron
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LHC vs Tevatron - 2™ quark generation

@ At sqgrt(s) = 7 TeV, approximately 25% of the W-boson production is
Induced by at least one second-generation quark, s orc, in the initial
state. The amount of heavy-quark-initiated production has implications for
the W-boson transverse-momentum distribution and for the W polarisation
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LHC vs Tevatron

@ Despite these difficulties, and although more sources of uncertainty are
Included, we have obtained similar uncertainties as the Tevatron.

— | will try to explain how we built the physics modelling, and how we
verified its solidity

@ A significant reduction of the uncertainties is obtained by using ancillary DY
measurements, and by dividing the measurement in various different
categories

@ With respect to the Tevatron analysis we have introduced innovation in the
physics modelling, especially in the treatement of heavy flavour and angular
coefficients corrections and uncertainties

@ Another important difference is that we have used a “composite” model for
the QCD corrections, instead of relying on a single theory prediction (Resbos
at the Tevatron). This was a necessity driven by the requirement that data
and MC agree for both Z and W

Stefano Camarda 6



Comparison of uncertainties with CDF

p. W uncertainties are larger for p_lepton
than m_at CDF, but similar in ATLAS

Similar PDF uncertainties

my fit uncertainties Pg" fit uncertainties
Source W — uv W — ev Common Source W — uv W — ev Common
Lepton energy scale 7 10 5 Lepton energy scale 7 10 5
Lepton energy resolution 1 4 0 Lepton energy resolution 1 4 0
Lepton efficiency 0 0 0 Lepton efficiency | 2 0
Lepton tower removal 2 3 2 Lepton tower removal 0 0 0
Recoil scale 5 5 5 Recoil scale 6 6 6
Recoil resolution 7 7 7 Recoil resolution 5 5 5
Backgrounds 3 4 0 Backgrounds 5 3 0
PDFs 10 10 10 PDFs 9 9 9
W boson pr 3 3 3 W boson pr 9 9 9
Photon radiation 4 4 4 Photon radiation 4 4 4
Statistical 16 19 0 Statistical 18 21 0
Total 23 26 15 Total 25 28 16
A Includes also Ai uncertainties
Combined Value | Stat. Muon Elec. Recoil Bckg\|QCD| EW | PDF | Total | y?/dof
categories ‘ [MeV] | Unc. Unc. Unc. Unc. Unc. |Unc. ] Unc. | Unc. | Unc. | of Comb.
pf}, W=, e 803472 | 99 0.0 14.8 2.6 5.7 821 5.3 8.9 | 23.1 4/5
mr, W=, e 80364.6 | 13.5 0.0 144 13.2 12.8 9.5 34 1 10.2 | 30.8 8/5
pL, W, ‘ 80382.3 ‘ 10.1 107 0.0 2.5 39 | 84| 60| 10.7 | 214 77
mr, W5, u 80381.5 | 13.0 11.6 0.0 13.0 6.0 9.6 34| 11.2 | 27.2 3/7
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Comparison of uncertainties with DO

Source Section mr PT B,
Experimental
Electron Energy Scale VI 16 17 16
Electron Energy Resolution VITCH 2 2 3
Electron Shower Model e 4 6 7
Electron Energy Loss 4 4 4
Recoil Model VIID 3 5 6 14
Electron Efficiencies VITET0 1 3 5
Backgrounds [VIII 2 2 2
> (Experimental) 18 20 24
W _Production and Decayv Model
PDF V1d 11 11 14
QED V] B 7 7 9
Boson pr [VTAI 2 5 2
3" (Model) 13 14 17
Systematic Uncertainty (Experimental and Model) 22 24 29
W Boson Statistics X 13 14 15
Total Uncertainty 26 28 33

Combined Value Stat.  Muon
categories ‘ [MeV] | Unc. Unc.
ph, W, e 803472 | 99 00
my, W*, e 80364.6 | 13.5 0.0
p,{,, W=, u 80382.3 ‘ 10.1 10.7
mt, W*, u 80381.5 | 13.0 11.6

Elec. Recoil Bckg.( QCD

Unc.
14.8
14.4

0.0
0.0
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Unc.
2.6
13.2
2.5
13.0

Unc.
5.7
12.8

39
6.0

Similar PDF
uncertainties

Smaller p_ W
uncertainties at DO

Includes also Ai uncertainties

Unc.
8.2
9.5
8.4
9.6

EW
Unc.
5.3
34
6.0
3.4

PDF | Total | y?/dof
Unc. | Unc. | of Comb.
8.9 | 23.1 4/5
10.2 | 30.8 8/5
10.7 | 21.4 777
11.2 | 27.2 3/7




Physics modelling strategy

@ Start from a Powheg+Pythia 8 fully simulated MC sample

@ Apply the dominant QED FSR corrections, treat the rest of EW
corrections as uncertainties

@ For QCD corrections, factorize the fully differential leptonic Drell-Yan
Cross section in various terms, and use the most appropriate model for
each of them

@ Use ancillary measurements of Drell-Yan processes to:
@ Fit the parameters of the model
@ Validate the model
@ Assess the uncertainties

@ Use Z mass fits and W control plots to further validate the modelling
and cross check the uncertainties

@ Use the compatibility of W mass categories to further validate the
modelling
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Overview of physics modelling corrections

@ QED FSR and ISR

@ Running width in the Breit-Wigner

@ Electroweak corrections parametrisation

@ Pure virtual EW (treated as unc.)

@ FSR y* - |l pair production
(treated as unc.)

@ Transverse momentum
distribution

" ' . . . .
QCD corrections @ Rapidity differential cross section

@ Angular coefficients

Stefano Camarda 10



Physics modelling — electroweak corrections

@ QED FSR: dominant correction, included in the MC with PHOTOS,
uncertainty from comparison with YFS. QED ISR also included

@ Running widths (and running of a for Z) included in the BW parametrisation

@ NLO electroweak: pure weak corrections and ISR-FSR interference,
estimated with WINHAC. QCD ISR included to predict a realistic p_ W

distribution (at Tevatron it was evaluated at p_ W = 0).
Estimated and added as uncertainty

@ FSR lepton pair production y* - Il : formally higher order (NNLO), but
significant correction. Estimated and added as uncertainty

Decay channel W — ev W — uv
Kinematic distribution pfr mr pfr mr
omwy |[MeV |
ESR (real) <01 <01 <01 <0.1
Pure weak and IFI corrections 33 2.5 3.5 2.5
FSR (pair production) 3.6 0.8 4.4 0.8
Total 4.9 2.6 5.6 2.6

Stefano Camarda
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QCD corrections — Drell-Yan decomposition

@ At QED born level, and upon integration of additional QCD radiation,
the fully differential DY cross sections is a function of 6 lepton
variables: px, py,pz,qgx,qy, gz

@ The DY cross section can be reorganised by factorising the dynamic
of the boson production, and the kinematic of the boson decay

do d3o
dpdq dprdydm

3 Ay pr. m)Pi(cost. o)

@ P_(cos 6, @) are spherical harmonlcs, which provide an orthonormal

basis for the decomposition. In the assumption of spin 1 of the boson
and spin Y2 of the fermions, the 9 harmonics of order O, 1, and 2 are
sufficient for a complete decomposition

@ The decomposition is exact at all orders in QCD and LO EW

Stefano Camarda 12



QCD corrections overview

@ [nspired by this decomposition, we used an approximation of it

h 7
) (1 +cos™ ) + ) Ai(pr.y)P; (@
i=0

Breit-Wigner ; Parton Show

NNLO pQCD -

@ Each of the four terms is modelled with the model which is most appropriate
and in best agreement with the data

(dcr(y)

1.03

- ATLAS Simulatio

= :

@ The do/dm is modelled with a Breit-Wigner: 102 5.7 tev, oo wx .
parametrisation £ o1 . B

= ;__+++ s [ :

@ The do/dy and the Ai coefficients are T B =
modelled with fixed order pQCD at NNLO ~ °¢ _ ~
@ The do/dpt is modelled with parton shower oss- pa{da TR =
or analytic resummation Y R U PR T

ly|
@ The validity of the approximate decomposition was checked by y
reweighting model A to model B, and comparing to the orginal model
B. The test showed no bias on m within 2 MeV of stat uncertainty
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Physics modelling p_ W — Pythia 8 AZ tune

. . . S : T R L ' JEEEE RN TR

@ PythiaB AZ tune is afittothep_2Z g Data uncertainy ATLAS
T =i | L LT ]

measurement at 7 TeV + - Y PyTHIAS AZ :
3 :

PYTHIAS i

Tune Name A7 0.9 Tt
Primordial kp [GeV] 1.71 +£0.03 :
ISR adf(mz) 0.1237 £ 0.0002 08 157 Tev; [ Lat= 4716 -
ISR cut-off [GeV] 0.59 + 0.08 ; SEINE IS SR .1|0 R Ny -

Xin/ dof 45.4/32 pZ [GeV]

N T 1 R N o i

© - ATLA ‘e Data ]

S =7T§V, 41 o -\[/)v+t_> w3

@ The Pythia8 AZ tune describe the 2 200 J sackgrong €
p, Z data within 2% inclusively b 150 E
and in rapidity bins e "

50

? Pythla8 > used to predICt the pT W 2 11'%21=Zﬁﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁ.ﬁﬁﬁﬁﬁlﬂﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬂlﬁﬁﬂﬁﬁlﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁ‘fﬁﬁﬁﬁlﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁlﬁﬁﬁﬂﬁ:ﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁ‘ﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁ:ﬁﬁﬁﬁﬁ.ﬁﬁﬁﬁﬁlﬁﬁﬁﬁﬁ.ﬁﬁﬂZ;ZE
distribution and to evaluate N e e e i e i, HAN
uncertainties On pT W § 0980:_ .................... 5 1015 ................... 2.0 ................... 25 .................. ;:o

u; [GeV]
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Physics modelling p_ W — Pythia vs Powheg

Data uncertainty ATLAS
1 4f —— POWHEG+PYTHIA8 4C
i POWHEG+PYTHIA8 AZNLO

@ We considered also Powheg+Pythia8
and performed a fit to the same p_Z

data, named AZNLO tune

Prediction/Data

IIII|II

@ AZNLO shows similar agreement with data in the oo~
inclusive p_ Z distribution, but worse modelling ;

IIIIIIlIIIl

. . . . . 0.8 : i i
of the rapidity dependent p_ Z distribution g ‘S=7,T9V;fltd{-f‘-7f?, e
1 10 10

p? [GeVI
% [ E;ata un‘certlain;y I U‘EIh‘r ‘| <1 I | IA:”-IAISI I_ % [ D:ata ur‘wertlainltyrI Ilslh,r‘ ;-:2 I IA:”-IAIS‘ I' 'g [ Dlata ur;certlainlty I2Iz-‘|;r‘| <24 I I IA‘T’-IAIS‘ I_
% [ —— PYTHIAB4C ’ 7 % [ —— PYTHIAS 4C ’ 1 % [ —— PYTHIAg 4C ’ 7
'-E 1‘2_|:PYTHIASAZ n -3 1‘2_|:_|PYTHIABAZ i 43 1‘2_EE|F‘VTHIABAZ i
b 1 3 [ 1 3 I |

o o o i

Pythia8 AZ is f an |
preferred to 0'8:_ E:?TeV;ILdl::t.?fb" _: 0'8:_ {5= 7 TeV: ILdl::t.?fb" _ 1 _
Powheg AZN LO 1 10 pﬂGe\:]o? 1 10 pﬁ[ee\r‘]DQ 1 10 pﬂGev}o?

| = Datauncertainty 2 =|y | <24 ATLAS
[ —— POWHEG+PYTHIAS 4C 7
-2 [E55] POWHEG+PYTHIAS AZNLO

T LN e s T T T T LN e s e
| = Data uncertainty 0 =ly| <1 ATLAS ~ | = Data uncertainty 1=y <2 ATLAS A
| —— POWHEG+PYTHIAS 4C T )

[ 5] POWHEG+PYTHIAB AZNLO

0.8~ : i - 0.8~ ;
i E:?TeV;ILdl=4.?fb' i i | (5=7Tev: ILdl=4.?fb'
L L MR | L HE M L L MR |

[ —— POWHEG+PYTHIAB4C
-2l [L55] POWHEG+PYTHIAB AZNLO

Prediction/Data
o
|
Prediction/Data
o
|
Prediction/Data
o
|

0? 1 10 0? 1 10 10?

1 10 1
pZ[GeV]

Stefano Camarda 15



@

@ HF| addressed with charm-quark

Pred. / Data

Uncertainties in the p_ W modelling

Heavy-flavour-initiated (HFI) production is
a significant source of uncertainty, and
introduce decorrelation between Zand W as the sum of tune unc. and
production. HFI production determines a  theory unc. on the W/Z p_ratio

harder boson p_ spectrum, cc-Z and
bb - Z are 6% and 3% of Z production, <

=

cs - W is ~20% of W production © 1.02

1.01

p_ W uncertainties are evaluated

1.03

ATLAS Simulation
Vs=7 TeV, pp— W*+X, pp— Z+X

mass variations, and by 1
decorrelating the PS u_ between \/

light and HFI processes

0.99

. TR E 0.98 — Pythia8 AZ — Light quarks—>W,Z — cB—Z

C ATLA W* S v ] B bb—Z — cd,cs>W — Total
106; \S=7Tev5 41 fb_1 _+_ Data ; O 97_| nn SRR I E e RS AR e R R e SN

i = Pytnias Az 5 ~'0 5 10 15 20 25 30 35 40
1.04F T PowearRSAZEOT - This procedure is a proxy for variations of P, [GeV]

the HF matching scales in the PDFs, see arxiv:1605.01733

Central prediction and uncertainty validated with
the u, distribution: when using the data to

constrain the model we end up with compatible
o cevi  central value and similar uncertainties
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https://arxiv.org/abs/1605.01733

Which is the formal accuracy of Pythia 8 p_ W?

arXiv:hep-ph/9812455

@ Pythia8 implements the so-called “matrix-element” [

reweighting of the first emission, which make the P r og imermEEiSE T

. . I PS new —

distribution accurate at O(a, ) at medium/high p_ 01 |\ ME =
% 0.01 ¢
Nucl. Phys. B 349 (1991) 635-654 S oo ,. 5' 0.001 -
p _% . 1422 [a,\2 A® ;; 001 | B 3 |
(a,,2) = 2m Fl-z (;) 1-z gom _ e | 0.0001 ¢
‘ 16-05 - 1e-05 F
MC — a'MS 1% 70 20 %0 40 50 60 70 8 90 100 11 I

= (MS) s e- e R
ag )—ag (1 +K 2 ) 2w (GeV) 1 060 50 100 150 200 250 300 350

Py (GeV)

@ Resummation arguments show that a set of MW
universal QCD corrections can be absorbed @s = 0.118 — a; = 0.126
In coherent parton showers by applying the
Catani-Marchesini-Webber (CMW)
rescaling of the MS value of A__ of the AZ tune

Close to the value o= 0.124

D

Is it correct to expect the W p_normalised distribution of Pythia 8 to be
approximately NLO+NLL accurate, i.e. the same formal accuracy of Powheg?
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Alternative higher order models for p_ W

Since the p_ Z distribution is very well measured, for us it is relevant to discuss
theoretical uncertainties on the W/Z p_ distribution

~N 1.2
L
g 1.15

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

0.95f
- B Pythia 8 AZ "-______
0'95 —— DyRes 1.0 1
0.85F — Resbos
- — CuTe
08_IAII|IIII|!III|IIlIlIIIIIIIIIlII
-0 5 10 15 20 25 30 35 40
WZ[GeV]

bN 1.2 ) ; N 1.2

= ATLAS Simulation -

E 5 i =115
Vs=7 TeV, pp— W+X, pp— Z+X o

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

0.9
B Pythia 8 AZ
o — Herwig 7
08|‘||||||||‘||||||||I||||I||||I|||||||||
-0 5 10 15 20 25 30 35 40
P, [GeV]

Only Herwig, Pythia, and Powheg predict a monotonic falling W/Z pt ratio

—
o
N
01

1.02
1.015

Pred. / Data

1.03

=i ATLAS
\s=7TeV, 4.1fb"
— — DYRES

=== Pythia 8 AZ

—— Powheg MINLO + Pythia 8_

Pred. / Data

—_
—

- aTLAS Wt%gv

B - —¢— Data i
1 08 \s=7 TeV 41 fb L E== Pythia 8 AZ

- M — — DYRES
1.06 _—|_| | —— Powheg MiNLO + Pythia 8_
1.04F
1.02 &

1

0.98

[GeV]
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Alternative higher order models for p_ W

@ The lack of agreement with data prevented us from using predictions

which are formally more accurate (NNLL)

@ The effect on the p_lepton and m_distributions is large and would shift

m, by O(50-100) MeV

1.04

BRI R
- ATLAS Simulation

N
<
©
,_<CE 1.03 [ Vs=7TeV, ppo»WX
E E Pythia 8 AZ
== [ —— Powheg + Pythia 8 AZNLO
g 1.02— DYRES
= [ --- Powheg MiNLO + Pythia 8
S 101b
I =
0.99F
|

Is this a consequence of

feksneies] (S el Ehed e Ill|lII|IIJ|III|III|IlI|III—‘
30 32 34 36 38 40 42 44 46 48

Variation / Pythia 8 AZ

Tl

B T T
- ATLAS Simulation

||||||||||||||||

1.03 s =7 TeV, ppsWiX -
E Pythia 8 AZ
 —— Powheg + Pythia 8 AZNLO

1.02\— DYRES =
[ --- Powheg MiNLO + Pythia 8 i

1.01- ]
B el
| ST T———r— —

0.99 =
e Ee L R4 ] 1 T A e ] L Y ] . S B 4 L L. U itk U it i e

@ Different treatment of heavy-flavour-initiated production?

@ Corrections to the Sudakov due to multi-parton-interactions?

@ Poor convergence of the LL, NLL, NNLL series?

@ What else?

Stefano Camarda
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Rapidity distributions

@ Rapidity distributions are modelled with NNLO predictions, and the CT10nnlo
PDF set, which provides good agreement with data thanks to its milder
strangeness suppresion. CT14 and MMHT considered as uncertainty, other
PDF sets excluded by data

00 = /S0 e e ey
o} RRRARRREN T T = - ATLAS 3
. = 700E 3

= 180F ATLAS y - £ - \s=7TeV,46fb" =
> - \s=7TeV,4.6fb . T 650 E —
o 160 — [9) E pp—oW +X =
B :pp—>Z+X . © 600—_ =
gl g 3 ﬁ m
1200 E—:t_ = s -
100E- =S = 5005 =
i == = 450 N
i . 350F—# Data (W") S

- —— Data ] 300:_+ Data (W) —

20 mm= Prediction (CT10nnlo) 7 - =I Predlctlon (CT1|0nnI0) : S
6"b'z"b'4'b'é'6'é"%"i'é'i'4'i'é'i'é"é"'z.'z".'é.4 2500020406 0.8 1 121416 1.8 2 2224

M|
@ The composite model of the W mass analysis incorporates PS corrections,

and can be seen as a naive “NNLO+PS” prediction for the rapidity cross
section measurements in the fiducial phase space

@ When comparing the W mass model to pure NNLO fixed order predictions
we realised that PS induces corrections which are significant for the current
level of precision of the data

@ More discussion about PDFs in Jan’s talk tomorrow
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Physics modelling — angular coefficients A

@ Angular coefficients are modelled with fixed order perturbative QCD at NNLO

@ A fast prediction was developed, based on DYNNLO, which allows to
evaluate statistically correlated PDF uncertainties

o 1_2 L [ L U] [ ] | N 1.2

< ey T T ey e E e e
- ATLAS —— Data 1 = [ATLAs —- Data
1-1s=8TeV,20.3fo" R DYNNLO (CT10nnlo) 1-\s=8TeV,20.3fo" [ DYNNLO (CT10nnlo)
C pp—Z+X ] - pp—Z+X

0.8 0.8

0.6 0.6F

0.41 0.4

0.2 0.2F

i i i
0 20 40 60 80 100 0 20 40 60 80 100
p [GeV] p! [GeV]

@ A predictions are validated by comparisons to the Z measurement at 8 TeV

1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1

@ Assume that pQCD is able to propagate from Z to W, since differences
between W and Z in the A coefficients are determined by the well-known

vector and axial couplings of the electroweak gauge bosons

@ A experimental uncertainties of the Z measurement are propagated to W
predictions, plus an additional uncertainty to cover A2 disagreement at high p_
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Physics modelling — angular coefficients A

@ We have not considered the alternative approach of using theory-
driven uncertainties on the QCD predictions for the angular
coefficients

@ |n principle, nowadays it is possible to evaluate the coefficients at
O(a_’) with V+jet NNLO predictions.
Would scale variations be a sensitive approach to evaluate QCD
uncertainties on the A’?

@ Also, when including resummation, another intrinsic QCD
uncertainty related to the choice of the quantisation axis in the
resummed cross section is introduced, which can be addressed f.i

with the qgt-recoll prescription of DyRes
Given the very good agreement of data and fixed order NNLO

prediction even at very low p_, Is the above uncertainty only a

feature of resummed prediction, or does it also affect fixed order
calculations?
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Physics modelling — angular coefficients A

0.8
07 LHC 7 Tev P
0.6
D.Ef_ — HES <o 1 .2 l Rl B T | l T T ] T l_
| —NLO = -
04~ | NLO (qq) e ATLAS ———
0sf (=0 " 8TeV, 20.3 fb™ —4—|
0.2 -~ 0.8 | —e— Data & ]
E - —=— DYNNLO (NNLO) & -
0.1F- " —+— POWHEG+MINLO Z4j Y d
- T L1 L1 L1 L1 TS S TR T [N T T [N T TR M Y N 0.6 [ . |
0l.l 10 20 30 40 50 60 T0 (7] = . =
P, (GeV) B . B
M . Ll
o 1.2[ T \ J 04: i' 2
- ATLAS Simulation E 0.2 ¢ =
T \s=8TeV L n B !.! 3|
E = i = =
0.8 —=— DYNNLO (NNLO) - -] = - =
T —e— DYNNLO(NLO) s i OF o Sl R G e s
0.6F . . B ]
- S! . _02 | | 1 by =
o - 1 10 10
E ] Z [GeV
02__ '!ia B pT [ ]
L _'_I -
0_ ________________ _.Hi—:_i_'_-_i_- ___________________________________ e
_0.2_>|||||| PRI e R TR W | pe Sy e ]
1 10 102
p; [GeV]

@ Resbos predictions are in poor agreement with fixed order NLO, which
Is generally close to NNLO, and in perfect agreement with data.
Is this a feature of Resbos or should we conclude that resummed
predictions of the angular coefficients are less accurate then fixed
order?
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Physics modelling — Summary of QCD uncertainties

W-boson charge w+ W~ Combined

Kinematic distribution pfr mr p{r mr pf} mr

omy [MeV]
Fixed-order PDF uncertainty 13.1 149 120 142 80 8.7
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 1.5 1.2 1.5 12 1.5
Parton shower ug with heavy-flavour decorrelation 50 69 50 69 50 69
Parton shower PDF uncertainty 36 40 26 24 10 1.6
Angular coefficients 5. 53 5. 53 5. 5.3
Total 159 18.1 148 17.2 116 129

@ PDFs are the dominant uncertainty, followed by p_ W
uncertainty due to heavy-flavour-initiated production

@ PDF uncertainties are partially anti-correlated

between W+ and W-, and significantly reduced by the

combination of these two categories.

@ p. W uncertainties are similar for m extracted from p_

lepton and from m_
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p. W uncertainties on p_lepton and m_

p. W uncertainties are similar for m extracted from p_lepton and from m_
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- m_1Is less sensitive to p_ W, but p_ W variations
on m_are less distinguishable from m  variations
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Physics modelling validation — control plots

@ The physics modelling (and the detector calibration) is validated with control
plots which have little sensitivivity tom_ asu, u, |
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Physics modelling validation — categories

@ A crucial aspect of the measurement design is the categorisation. The
Importance of categories is twofold: validate detector calibration and physics
modelling and improve accuracy

@ The various set of categories are sensitive to different experimental and
theoretical biases, the consistency of m  across categories validates our
knowledge of the detector and of QCD

@ We considered the measurement ready for unblinding only when all the
categories yield consistent values of m

@ The experimental and theoretical uncertainties have different correlation or
anticorrelation patterns, the categorisation allows to constrain them, and
Increase the sensitivity tom,__

@ Categories used for the combination (28 in total):
p. lepton — m_Electrons — muons, |n| lepton bins, W+ — W-

@ Categories used for cross checks:
Average <u> (pile-up), u (recoil), u
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Compatiblility of categories
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@ Strong validation of
physics modelling and
detector calibration
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@ The physics modelling for the measurement of the W mass in
ATLAS is built as a composite model which includes EW and QCD
corrections

@ A fundamental aspect of the model is the use of ancillary DY
measurement for validation, and, when possible, to fit the free
parameters of the model

@ Further validation is provided by Z-boson mass fits, W-boson
control plots, and categorisation of the m measurement

@ Important innovations of the physics modelling with respect to the
previous model used at the Tevatron are the treatment of
uncertainties of the heavy-flavour-initiated processes, and the
NNLO QCD corrections for the angular coefficients and their
associated uncertainties
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Prospects for the physics modelling

@ PDF uncertainties can be reduced by the inclusion of precise W, Z
Inclusive rapidity measurement, currently used only for the validation.
Requires work from theorists to include PS corrections in PDF fits.

@ p. W uncertainties can be reduced by using higher-order predictions

based on analytical resummation, and with fits to Z pT 8 TeV
measurement, which is more precise than the 7 TeV measurement,
and has low- and high-mass distributions which can constrain heavy-
flavour-initiated production. Usage of higher order predictions requires
theorists to understand the discrepancy between PS models and
NNLL resummation in the W/Z pt ratio.

@ Thanks to the precise measurement at 8 TeV, uncertainties on the
angular coefficients are currently not a limiting factor. In the future they
can be reduced with more precise predictions and more precise
measurements
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Physics modelling — electroweak corrections
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Physics modelling — electroweak corrections
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Physics modelling validation — Z-boson mass

@ The physics modelling (and the detector calibration) is first validated by
performing an extraction of m,

@ The extraction is a closure test, and not a measurement of m_, because
the LEP measurement is used as input for detector calibration
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Physics modelling validation — categories

p. lepton is very sensitive to p_W modelling, polarisation, PDFs, m_is less
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Physics modelling
do(m) do(pr,y) (do () ‘
dpl dpz m)‘ (1+cos®6) + ; A; (pr, )’)R‘(@

Parton Shower
Breit- ngner NNLO 5OCD - /

PDF

QCD

’

Stefano Camarda 36



Z-boson angular coefficients at 8 TeV

@ A cos(2¢) asymmetry which violates the Lam-Tung relation at low
pt was observed in fixed target experiments
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A2 at low p_

@ A cos(2¢) asymmetry which violates the Lam-Tung relation at low
pt was observed in fixed target experiments

@ The effect can be explained by higher twist effects, QCD vacuum
effects, or by the Boer-Mulders TMD functions, which describe a
correlation between transverse momentum and transverse spin of
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0.3 L I L] T T T I T T T | T e | LI . ) T | LI T I LI | T T I T T T I LI | T L] I i D 15 L - pp Dmcess
C . ]
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0.1 o P IR IR BN B S B S & FIG. 4: The py-dependent cos2g asymmetries v in both pp
0 0.5 1 1.5 2 2.5 3 3.5 4 (dotted curve)and pDisolid curve) Drell-Yan processes at FNAL
pT (Ger C) E566/MuSea, calculated with the fitted Boer-Mulders functions pre-

sented in Table[ll

What is the possible influence on the W mass measurement
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Measurement strategy — categories for cross check

@ Recoll bins (u.) - Validate p_ W modelling and recoil calibration

@ Upar bins - Validate p_ W modelling

Decay channel W — ev W — v Combined

Kinematic distribution ph mr Pr mr PT mr

Amw [I\IGV]
(u) in [2.5,6.5] 8+14 14+18 —-21412 0+£16 -9+ 9 6412
(u) in [6.5,9.5] —6 1 16 6 4+ 23 12 £+15 —8 £ 22 4+ 11 —1416
(n) in [9.5,16] —1416 3+ 27 25 4+ 16 35 4+ 26 12+11 20419
ur in [0, 15]GeV 0+11 —-84+13 5+10 8+ 12 3+ 7 -1+ 9
ur in [15,30]GeV 10 = 15 0+24 —44+14 —-18422 24+10 —-10416
uE<OGeV 8+15 2017 3+13 —-1416 5410 9412
uy > 0GeV -9+ 10 1+£14 —-12+£10 100£13 —11+ 7 6+ 10
No pfiss_cut 4+ 9 —-1+£13 10£ 8 —6+£12 12+ 6 —44+ 9
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Control plots - electrons
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Control plots - muons
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Measurement categories

Channel mw Stat. Muon Elec. Recoil Bckg. QCD EW PDF | Total
mr-Fit [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc.
WT = uv,|n| < 0.8 80371.3 | 29.2 12.4 0.0 15.2 8.1 9.9 3.4 284 47.1

W+ = ur,08<|g| <14 |80354.1 | 321 193 00 130 68 96 34 233 | 47.6
W+ - uv,14< g <20 | 804263 | 302 351 00 143 72 93 34 272 | 56.9
W+ — w,2.0< |g| <24 | 803346 | 409 1124 00 144 90 84 34 328 1255
W— — v, 0] < 0.8 803755 | 30.6  11.6 00 131 _ 85 95 3.4 30.6| 485
W- = uw,08<|g <14 | 804175 | 364 185 00 122 77 97 34 222 497
W- = uw,ld<|g <20 |80379.4 | 356 339 00 105 81 97 34 231 56.9
W= = ur,20< |g| <24 | 803342 | 524 1237 00 116 102 99 34 341 | 139.9
WT = ev, ] < 0.6 80352.9 | 204 00 195 131 153 9.9 3.4 285 508
W+ = ev,06<|n <12 | 803815 | 304 00 214 151 132 9.6 3.4 235 | 494
W+ s ev,1,8<|g| <24 803524 | 324 00 266 164 328 84 34 27.3| 62.6
W— — ev,|n] < 0.6 804158 | 31.3 0.0 164 118 155 95 3.4 31.3 | 52.1
W~ > ev,06<|p <12 | 802975 | 330 00 187 112 128 97 34 239 | 49.0
W~ —er,l8<|g <24 | 804238 | 428 00 332 128 351 99 34 281 723

pr-Fit

W+ = uv,|n| < 0.8 80327.7 | 22.1 12.2 0.0 2.6 5.1 9.0 6.0 24.7 37.3
W+ = uv,0.8 < |n| < 1.4 | 80357.3 | 25.1 19:1 0.0 2.5 4.7 8.9 6.0 20.6 39.5
W+t - uv,1.4 < |n| < 2.0 | 80446.9 | 23.9 33.1 0.0 2.5 4.9 8.2 6.0 25.2 49.3
W+ = ur,20< |n| <24 | 80334.1 | 34.5 110.1 0.0 2.5 6.4 6.7 6.0 318 | 120.2
W= — pv,|n| < 0.8 80427.8 | 23.3 11.6 0.0 2.6 5.8 8.1 6.0 264 39.0

W~ = uw,08 < |n| < 1.4 | 80395.6 | 27.9 183 0.0 25 56 80 6.0 198 | 40.5
W= = u,14< |n| <20 | 80380.6 | 28.1 352 0.0 2.6 56 80 6.0 206 | 50.9
W= = u,20<|n <24 | 803152 | 45.5 116.1 0.0 2.6 76 83 6.0 327 | 129.6
WF = ev,|n[ < 0.6 80336.5 | 22.2 0.0 20.1 25 64 90 53 245 407
W+ = er,0.6 < |n| < 1.2 | 80345.8 | 22.8 0.0 214 26 67 89 53 205 | 394
W+ = ev,1,8 < |n| <24 | 80344.7 | 24.0 0.0 30.8 26 119 67 53 241| 482
W~ = ev, 7] < 0.6 80351.0 | 23.1 0.0 198 2.6 72 81 53 266 | 422
W= = er,0.6 < |n| < 1.2 | 80309.8 | 24.9 0.0 19.7 91 73 80 53 209 | 399
W- =ev,1.8<|n <24 | 80413.4 | 30.1 0.0 30.7 2F ii5 83 5% 227| 518

Stefano Camarda 42




Post fit plots - electrons
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Post fit plots - muons
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Methodology for the W mass extraction

@ Event selection: W leptonic decay
Wolv,l=eu
@ The full kinematic of the W decay cannot be
reconstructed, since the longitudinal
momentum of the neutrino is unknown

The analysis is based on a template fit extraction
from observables sensitive to m

Lepton transverse momentum [

W transverse mass

My = \/2 - phpY - (1 — cos Ag(l,v)

Neutrino transverse momentum
pf_yr (Not used)

(from hadronic recoil)

* A key ingredient of the W mass measurement is to use Z - |l
events to constraint both experimental and theory systematics
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PDF uncertainties for the W mass

@ Sea quarks composition of protons is
charge symmetric

~ same amount of q_and g_from sea

@ Valence quarks determines a charge
asymmetry in the proton:

u=u +u u=u What is the effect of this valence
d=d +d d=d asymmetry for Charged Current
vl Drell-Yan (W-boson) production?
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PDF uncertainties for the W mass

@ [n proton-antiproton collision

@ Asymmetry of the W rapidity %0'04:

@ Same cross section for W+ and W- é“‘“

@ Valence-dominated production 20.02;—

@ Small ambiguity for the incoming parton: le_
guark from proton, antiquark from antiproton

proton

[ (a) W rapidity

W rapidity
— ¢" pseudorapidity
---- ¢ pseudorapidity

antiproton °

u

Stefano Camarda
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PDF uncertainties for the W mass

@ [n proton-proton collision

@ Different cross section for W+ and W-

@ Large ambiguity in the direction of the

Incoming quark

Stefano Camarda

'3‘ T T | T T T T |
= . ATLAS
+> 68% CL ellipse area
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- . O ,,/'
2.8 - m
i Data 2010, \s=7 TeV, 35 pb”' Data 2011, {s=7 TeV, 4.6 fo''
O tat ® syst E! stat @ syst unc.
26 i stat ® syst ® lumi unc. stat ® syst® lumiunc. |
| 1 | 1 1 | 1 | L | 1 1 1 1
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PDF uncertainties for the W mass

@ What is the consequence of the ambiguity
In the direction of the incoming quark?

ow+(y) o< u(xt) - d(x) +d(x1) - u(x)
ow-(y) o< d(x1) - U(x2) + b(x1) - d(x2)

@ The helicity is the projection of the spin on
the momentum axis

@ The W is a spin 1 particle, with 3 p033|ble
helicity states: A = +1,0,-1

@ Ambiguity in the average d ;

helicity of the W
(polarisation)

PDF uncertainty — polarisation uncertainty

Stefano Camarda

49



W polarisation

4 —

3.5F 3

, 3t =

WRF - ]

2.5F 3

A =0 f B .
------------------------- lab 2: _;
) 1.5 .

r[WRF E

- II|III|III|III|III|III|III|II
01 -0.8-0.6-0.4-0.2 0 0.204 06 0.8 1

(WRF) *
cos(0)

@ The 3 helicity states have very different
decay polar angles

@ The average polarisation heavily affects
the lepton kinematic
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W polarisation

> L pp = W' (s =7 TeV > Al pp =W, (s=7TeV
¢ 10 ¢ 10
2 C 2
s f &
_n-l— B _ﬂ.l-
z i 2
S S
; 102 - 102
L . L
T B —— Spin correlations - - —— Spin correlations
- ----- No spin correlations e No spin correlations
a __I..I P T R S T I TR T SR T 'E __I....I....I....I....I
= 1.{}[}5E = 1.005¢ 7
o 1 o 1 :
0.995F | | | | 0.995F | | | |
30 35 40 45 50 30 35 40 45 50
p!r [GeV/c] p'T [GeV/c]

@ \We can artificially remove the ambiguity in
the W helicity by removing spin
correlations — Unpolarised W

@ Dramatic effect on PDF uncertainties of
lepton p_ distribution
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W polarisation

E i E 80405;—
Eamnn:— 580400;—
! 80395}
803905 80390;— !
80380 80383 i
- 80380 | -
80370} 80375} : =
L—W* No spin correlations 80384.8 +3.1 -SD 303705_—»-{ No spin correlations 30334.'15;;5.5 -5.5
30360:---“** .= 1 symmetric  80386.2 +3.1 -3.3 W A = +1 symmetric  80386.4 +6.8 -6.1
:---W* Spin correlations 80385 +17 -21 80365} W Spin correlations 80385 +28 -27
Lo L bbbl SENEREEEE NN AN NN NN
T e e & g m e r e & 8§
PDF member PDF member

@ This effect accounts for 20 (30) MeV
uncertainty to the W mass extracted from
W+ (W-) lepton p_
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The effect of the charm mass

@ A charm in the initial state must
have come from a gluon
splitting above the charm mass

@ Additional recoll of about 1 GeV,
harder p_ spectrum

Q> > 1.4> GeV?

S 10'EpPp > W' Vs = 7 TeV S 107EPP - Wi Vs =7 TeV
o Q -
é E o S, F e
'gn,-_ I;Q_I—
k) ©
5 10?2 5
© ©
10°¢
=] 3 A=)
E 1%_ ........................ E
0.8F
0.6 . . .
0 20 40

@ The uncertainty on the strange PDF
translates into an uncertainty on the
charm-initiated W production
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The effect of the charm mass

S S
= 80394 = I
& 80392 530395?
803901 [
- 80390
80388 i
80386} I
F 80385
80384 i
303325— 30330:—
80380 : -
80378F W' Vs 80384.8 +3.1 -3.0 WV, 80384 5 +5.6 5.5
W Vg and Ve, 80384.9 +8.4 -6.9 80375--W V4 and V,, 80384.6 +11.6 -9.5
803760 Lt <EEEENEEEEEEEEE NN NENNNENEEE
- © - © N ©0 - © = © ¥ ©
- ol - o
PDF member PDF member

The uncertainty on the strange PDF
accounts for 7-9 MeV on the W mass
extracted from the lepton p_
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