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Now that the Higgs mass is known all the parameters of the SM are known- but
with what accuracy?

Precision EW measurements test the self-consistency of the SM- and thus can
give hints of BSM physics

Precision measurements of

* sin<@,,

« W-mass

Are limited by PDF uncertainties

There are also limitations from experimental uncertainties and non-perturbative
modelling for which we use measurements of
 Z mass (for calibration)

« Zptor Z e*for low pt modelling



The weak mixing angle 8,, can be measured from the Forward-Backward
asymmetry on the Z ZAFB
do dma® [3
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The coefficients A and B depend on 6,
The linear term in cosB gives rise to a q\8
forward-backward asymmetry in the scattering glg)
angle 6*, which changes sign at the Z pole.
We use the Collins-Soper definition of the 4
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The variables p,;, m, and p;, are longitudinal momentum, invariant mass and transverse
momentum of the di-lepton system

cos O =

In p-p the direction of the incoming quark is unknown -- it is assumed to be the direction
of the boost of the lepton pair

Only valence quarks will give an asymmetry --and they are not dominant as in p-pbar
Hence the effect is diluted and PDF dependent



Arg = (Of - 0g) /(O + O g)
8,, is extracted from template fits to ZAFB

Templates are differential in m,, and cos0 ¢

This is done for electron pairs Central-
Central (CC) and Central-Forward (CF) in
the detector and for muon pairs. The most
accurate result comes from CF where the
direction of the incoming quark is better

constrained
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This is not easy
The PDF uncertainties were evaluated from CT10 eigenvectors

But the result also depends on which PDF is chosen

For example MSTW2008 produces a significant shift of -0.002 in sinZ6,,

Of course it is now well known that this PDF does not describe the low-x u and d-
valence quark distributions very well -- as illustrated by the ATLAS measurement of the

W-asymmetry which depends on u
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Can we do better?

d at LO

valence “valence

Thus doing better can depend on further
precision measurements of Z and W
rapidity distributions

Forthcoming MUCH more precise (<1%)
W+ W- and Z differential distributions
from the ATLAS 2011 data with 5 fb -1



mm Global EW fit

The top mass, the W-mass and the Higgs mass

are tied together by loop corrections in the SM. If * ,"',“,*f“*",‘{‘;‘r,“f,“,‘,,|ll,,|,, S
there are new heavy particles then the My ¢
relationship between them will change. Thus we M A =
need accurate measurements of all three ;‘“ / _'l'_.
-
nad . -:
The indirect determination of the W mass from Rio —e=
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The W mass measurement is difficult since the leptonic decay channels in

which it can be identified have missing neutrinos. Thus we use template fits
to observables sensitive to M,

LE'[]tEIﬂ tfransverse momentum l

Pr

W transverse mass My = vﬁ'g | P’i-ﬂi- (1 = cos Ao(l, V)

I
P M,
Observable does not depend on hadronic Depends on hadronic recoil measurement,
recoil, smaller experimental uncertainty expected larger experimental uncertainties

Larger theory uncertainty due to higher order M_is quite stable wrt perturbative QCD
QCD, p_" modelling, PDF, W polarisation, corrections, smaller PDF uncertainties,
charm mass smaller non-periurbative QCD unceriainties

The LHC measurement differs from the Tevatron in several respects
1. Higher pile-up, affects the hadronic recoil that give us p;¥

2. p-p rather than p-pbar makes contributing PDFs different

3. and W* and W- non- symmetric

Because of 1. we may prefer to use p; rather than M+



How can we constrain experimental uncertainties?

Measure the Z mass by the same technique- throw away one of the leptons
and extract M, from p+

The lepton energy scale is calibrated by comparing the M, obtained to the
LEP measurements of M,

Electron calibration from

Z — ee invariant mass
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How can we improve the modelling of low p"V?

Measure the Z p; or Z ¢*
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Can we improve the PDF uncertainties? What is the current level of uncertainty?
Theoretical study by Vicini, Rojo, Bozzi (PDF4LHC meeting Jan 215t 2015)

Numerical results for MWV, with and without a PTVV cut
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HOW to improve this? Can we disentangle which flavours contribute most to the
W-mass uncertainty?
The answer is not trivial because of correlations

ATLAS has done a study (ATL-PHYS_PUB-2014-15) of the uncertainties coming
from u,d,s,c flavours (as well as experimental resolution and parton shower modelling)
The remaining slides concentrate on the results from this study

*This uses normalised p;* and a dedicated PDF

*Uses the Gu scheme and PDG2012 values of parameters but CKM Vtx=0 , no top
*Uses a combination of MCFM and Cute to model the lepton pT spectrum in order to get
an NLO+NNLL calculation (Cute) and also finite-width, lepton decay and spin-
correlations (MCFM at NLO)
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xuv(x,QZJquv(x,Qz)re,

ref

xg(x,Q°)/xg(x,Q")

The dedicated PDF set has a simple set up to allow breakdown of uncertainties

@ NLO Fit to HERA | data
e Starting scale @3 = 1.7 GeV?
@ charm mass m. = 1.38 GeV

e bottom mass my = 4.75 GeV The valence PDFs are dominated
@ top mass m; = 3.5 TeV — 5 flavour by experimental uncertainties

@ strange fraction r; = 5_;“5’ =1 and the sea PDFs by model

@ 13p parametrisation uncertainties

@ 26 hessian variations
@ 4 model variations: m. =1.32,1.44, r. = 0.72,1.25

@ Total of 30 variations
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How to determine the W-mass from pseudo-data produced using the central PDF set
and all of its experimental eigen-sets and model variations?
*The pseudo data are generated with M,,=80.385 GeV, assuming 5 fb -t and only

statistical uncertainties (at first).
*Normalised p4' distributions in bins of 0.5GeV are considered.
Cuts of My >60 GeV, n' <2.4, p;'>30GeV and 30 < p;' < 50 GeV are applied

*A x2 profile is constructed between a reference p; distribution generated with
M,,=80.385 GeV and p-' distributions generated with different M, values £100MeV in
steps of 2MeV and this is fitted with a parabolic form

*This is done for W* and W- separately and combined for the central PDF

* We can see the purely statistical uncertainty is ~5 MeV from the plot below

< 800F .
B HERAFftter
L4 i
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Y £ o
Y £ PDF variation is then the
400 . A difference between the minimum
i 3 value of M,, for the central PDF and
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Now to consider spin correlations

W from u-dbar can come from either beam thus there are two helicity states A=+ 1
ow+(y) o< u(xy) - d(x2) + d(x1) - u(x2) (1) v
ow- () > d(xa) - B0) + B(x) - d(x2) (2) /

At y=0, x1=x2 and the two terms are equal, but not otherwise
Uncertainty in the u and d PDFs will give an uncertainty in the
polarisation which propagates into the p,' spectrum o+

To disentangle the effects of polarisation =777t R e
*Keep only Vud

*Apply a random rotation to the decay angle of the leptons in
the W rest frame— no spin correlations v
*Apply a sign flip to lepton momentum in W rest frame so that
A=t 1 are symmetric

«Compare this to the analysis WITH spin correlations
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- L . . .
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° 107 S 07 the PDF uncertainty on pl
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L ... - Nospin correlations r e No spin correlations

2 1.005- 2 1.005;

: : 1
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p'T [GeVic] p'T [GeVic]



> [ 3 ='80405[ 3
g r HERAFitter = : HERAFitter
= 80400~ 80400 Now look at the M,
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—

Why does the strangeness fraction affect PDF
uncertainties when only u and d have been used?
Because it is a fraction of d-type, sea so the
dvalence/d sea ratio is altered i

x(d, fd)(x,Q%)/x(d, /d)(x,Q)

o
o

HERA E{'n"gf

Since PDF uncertainties are different between W+ and 10¢ 1% 102

10" 1
X

W- using the two spectra simultaneously gives the best
result AM,, ~15MeV 14



Now let’s consider the role of the charm quark

*Switch on Vcs as well as Vud

«Charm brings a ‘kick’ of about 1.4GeV in the p;"V shape

«Charm also changes the balance between valence
guark and sea quark initiated processes, which will
affect W-polarisation and the p;'sectrum
*Randomise the decay angle of the leptons in W rest

frame to get unpolarised W
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Now if we consider charm effects and polarisation at the same time..
There is a partial cancellation between these effects

my, [MeV]
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This means that reducing the uncertainty on the
badly known strange PDF is perhaps not as
important as one might first think- after all Vcs
accounts for about 20% of the xsecn

Reducing uncertainty on u and d is still the
main concern—from W*, W- inclusive rapidity
spectra as we have already seen for sin?0,,

What measurements reduce strange

uncertainty?

2. Inclusive Z spectra plus Z/W ratio
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The ATLAS study also considers muon p; Smearing
This increases PDF uncertainties by ~10%, a small effect,
Hadronic recoil effects are not accounted but this only affects event selection.
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The last effect to be considered is the modelling of the p;" spectrum
Which is studied using the measured p.# spectrum to constrain the non-perturbative
QCD parameters at low p, assuming the universality of the Parton Shower modelling.

Pythia and Powheg +Pythia8 tunes were studied for p:# and the uncertainty was
propagated to p;" using Hessian uncertainties from AZ eigen-tunes
Different samples are generated for variation of the tunes and the M, fits repeated.
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w00 S

g —s— Central tune 3 < = —s— Central tune '§
*61 004 —=— Variation 1+ = %'004:_ —=— Variation 1- E
§1 003! —=— Variation 2+ _E @_0035_ —=— Variation 2- _f
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1.002 = 1.002F =
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M**.-M - - T 3
T ; 1;“."'“::::,:#' ;
*y = o =
0.999 +++| I 3 0.999F %&# —
0.998 i 0.998F
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0.9955 5537363 a0 Az ag s T as 0 0.9935 533 3e " 3s a0 A 38 50
P [GeV] P [GeV]
Tune Variation Positive Negative
Tune A7 AFZNLD 4
—— - 1+ 3 —4
Primordial ke [GeV] 1.71 + 0.03 1.76 + 0.03 2.0
a5 (mgz) 0.1237 + 0.0002  0.118 (fixed)  0.137 2+ 3 —4
ISR cut-off [G-E‘u"] 0.5% + 0.08 1.2 4+ 0.12 2.0 3+ 3 |
x2 ;. /dof 45.4/32 46.00/33 - Total 5 7

AZ for Pythia 8 and AZNLO for POWHEG+Pythia8, 4C is the Pythia default
AZ does well for p# split in rapidity ranges
An uncertainty on AM,,, ~6 MeV results from this modelling

Is there any correlation between non-pQCD uncertainties and the PDF?

Primordial K+ is related to the Transverse Momentum Dependent TMD-PDFs

The RESBOS non-pQCD parametrisation is based on TMD factorisation.

Should we be using TMD PDFs?

Or at least the same PDF in the PS as in the hard ME? Is this even possible 18
given the different orders of calculation



Summary and Outlook

Precision measurements of quantities like sin?0,, and M,, are important because

they can give hints of BSM physics BUT they are limited by PDF uncertainties

* Measurements of W*, W- and Z rapidity spectra and W,Z+heavy flavour production
can further constrain the PDFs

« Measurements of Z pT spectra can constrain the low p; modelling

Can we do better in future ?

* Forthcoming W+,W-, Z precision measurement from 2011 data.

* Are measurements at 13 TeV vs 7 or 8TeV useful?-

We are moving to lower x, PDF uncertainties are not getting smaller and the role of NLO

gg processes increases in W, Z production

* But one may be able to measure W,Z polarisation coefficients more differentially for
an alternative extraction of 8,

* And Z/W ratios may yield ',
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The PDF uncertainties on M,, from this ATLAS study with the dedicated
PDF are comparable to those from other global PDFs

MW-NLO  CTi0nkh  MSTWZ2008CPdeutnlc  NNPDF30_nio_as_118 CT10 is already
W +13-12  +1B-22 +11 -10 +8 -10 scaled to 68%
W—  +22-32 418-23 +11-10 +8-0
Wt  1i1-11 414 -18 +7-7 +6 -5

The purely HERA dedicated PDF lacks information in the d-sector
thus W- is worst. This also leads to a larger bias

MWW-NLO CT10nko M5 TW 2008 CPdeutnlo NNPDF30_nlo_as_1148

W -9 -0.1 -20 -1.2
W +4E +0.2 +13 412
W= +16 0.0 -6 +5

Biases here are assessed wrt CT10 as central
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Can we understand the PDF dependence of the M,, measurement better?

Using POWHEG+PYTHIA 6.4.21
Acceptance cuts: p{' >25, p; V>25 GeV, n'<2.5
Additonal cuts p;V¥<15 GeV, M;<100GeV

Use normalised distributions of lepton Pt distributions, which have PDF
uncertainties only due to shape

r 1 1
| LHC W+ STeV ' NNPDF2.3 ?' NNPDF2.3 ——
b g NNPDF2. B . NI 2.
HC LT .  NNPDF30 LHC W~ 2TeV CT10
as | Lower curves = normalized distribution CT10 i a5 | Lower curves = normalized distribution yyppran
MSTW200ECPdeut B MSTW200ECPdeut
MMHT2014 MMHT2014
5 _M'\___n_h_r—"u 9 m
& 15 = 1sf
= _‘_‘_‘_‘_‘_‘_'_'_‘—‘—"‘—-—-—._,__,_‘_‘___,_‘_,_,_rL,_,—J_ ‘;:-
1 gl | __._,_._._._._._-—-—'_'_'_"'_'_‘—‘—-—-_._._n_-—'j_r"'—Lu
u
0.5 = 0.5
Ee=ma . e = _LH_L;'“‘-—._HH _’__,_.-—‘-'—”JJ_ "~—'"—._.—'-'_
.I 1 ol 1 1 1 I.]
25 an 35 10 45 G 55 25 50
gl (GeV) _rr_ (GeV)

Generate pseudo data at fixed M,,=80.398 using several different PDFsets
and ALL their eigenvectors/replicas

Compare to templates generated at different M,,, using only one fixed central
PDFset (NNPDF2.3 central replica)
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Numerical results: PDF4LHC envelope and spread of central values
is the half-width of the PDF4LHC envelope

is the spread (max-min) of the central values

OppF
ﬂsets

CTI10. MSTW2008CPdeut. NNPDF2.3

o EJE cut

p'’ < 15 GeV

6;1;}3.' IL:". I{'.'-ﬁ'lr"rj]

Agers (MeV)

5; O IL :‘.T{?ﬁ"rjl

Agers (MeV)

Tevatron 1.96 TeV 27 16 21 15
LHC 8 TeV W 33 26 24 18
W- 20 16 18 8

MMHT2014. NNPDF3.0

no plf cut

pY < 15 GeV

dppr (MeV)

Agers (MeV)

dppr (MeV)

Agers (MeV)

Tevatron 1.96 TeV 16 4 13 9
LHC 8 TeV W+ 32 33 21 21
W= 22 6 12 0
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m1.2r
< 1 . ATLAS Internal
£ IL dt = 4.816” @ Vs = 7TeV

Oﬁ; cc electrlo;g_géi
[ &

0.4+ &
F @

+ Data, full unfolding

PYTHIA, Z/y*— ee

70 10° 2x10% 3x10°

< 1 . ATLAS Internal

0.4F
0.2k
0'_

£ CF electron

E J.L dt=438fb" @ Vs = 7TeV

4t

—— Data, full unfolding

| PYTHIA, Z/y*— ee

70 80 90 10°

m1.2¢
[T
< 4 . ATLAS Internal
OSiJL dt=46MHb"@ (s=7TeV i
0.6; muon @%462; & N
C 2
0.4 2
0.2 gg
Oj a
—0.2:— - JFData,full unfolding
04F o PYTHIA, Ziy*—up
_0.5:9.* |
A , , L
S J“_J,I‘I—l—l
<
;
OTI...IF 777777777
-
2F

3

2x10% 3x102

1
m,, [GeV]

2 ) eff
sin“ Oy

CC electron 0.2302 & 0.0009(stat.) = 0.0013(syst.) = 0.2302 + 0.0016 Final ZAFB result not
CF electron 0.2312 + 0.0007(stat.) + 0.0012(syst.) = 0.2312 + 0.0014 yet approved
muon 0.2307 = 0.0009(stat.) + 0.0012(syst.) = 0.2307 £ 0.0015 Add these plOtS and
electron combined | 0.2308 4= 0.0006(stat.) 4+ 0.0012(syst.) = 0.2308 + 0.0013 new results if in time
combined 0.2308 = 0.0005(stat.) = 0.0011(syst.) = 0.2308 £ 0.0012
CC electrons | CF electrons | Muons | Combined

Uncertainty source (10~%) (10~%) (10~%) (104

PDF 10 10 9 9

MC statistics 5 2 5 2

Electron energy scale 4 §] - 3

Electron momentum resolution 4 H - 2

Muon energy scale - - ) 2

Higher-order corrections 3 2

Other sources 2 2

New PDF uncertainties from ATLAS epWZ LO PDF which fits the data best.
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Effect of varying the strange PDF is only ~25% of this PDF uncertainty



a2 ) eff
sin” Oy

Ao
(wrt LEP+SLC)

Ao
(wrt ATLAS)

ATLAS 0.2308 + 0.0012 -0.6 -

CMS [5] 0.2287 + 0.0032 -0.9 -0.6
DO [4] 0.23146 =+ 0.00047 0.1 0.5
CDF [3] 0.2315 4 0.0010 -0.03 0.4
LEP, A% [2] 0.23221 + 0.00029 - 1.2
LEP, AV [2] 0.23099 =+ 0.00053 - 0.1
SLC, Arg [2] 0.23098 =+ 0.00026 - -0.1
LEP+SLC 2] 0.23153 = 0.00016 - 0.6
PDG global fit [39] | 0.23146 £ 0.00012 -0.4 0.6
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