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Precise QCD measurements

@ Understanding QCD is critical for physics at hadron 035 [ A B SR AN
\ T decay (N’LO) H=+ ]

colliders [ II:J' low Q% cont. (N’LO) e -
- 03 L A DIS jets (NLO) F+i ]
@ Focus on precision: 1 Heavy Quarkonia (NLO)
[ \ e'e jets/shapes (NNLO+res) i ]
- Interplay between QCD and electroweak o\ PP/PP (jets NLO) = 1
. . 0.25 [ EW precision fit (N"LO)y—e— 7}
preC|S|0n measurements A pp (top, NNLO) F+ 1
-~ Precise QCD measurements leading to 2 02
determination of as(mz), PDFs °
@ Topics: 015
-+ QCD measurements of the Drell-Yan process i b
+ Measurements of as(m;) with jets and top at the [ — o (M%)~ 0.1179+ 0.0010
LHC, and at future coliders 005 et
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Drell-Yan QCD measurements

@ The Drell-Yan mechanism was proposed and observed in
1970. It was a milestone in the building of QCD as the theory
of the strong interation. After 45 years, why is this process still
of interest for QCD and what can we learn from it?

@ The Drell-Yan process at the LHC provides an extremely clear
experimental signature: high resolution in the electron and
muon channels, and small background contamination

@ Measurements have reached permille level accuracy, QCD
predictions are at 3 orders beyond LO - ideal framework for
precision tests of QCD

-~ do/dpt allows probing of the transverse dynamic of non-
perturbative and perturbative QCD

-~ do/dy allows probing of the longitudinal dynamic (PDFs)

= The angular coefficients allow testing of the QCD and EW
helicity structure

@ QCD issues in these measurements are tightly connected to
precision measurements of my and sin?0y
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Measurement of Z-boson transverse momentum
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https://arxiv.org/abs/2104.07509
https://arxiv.org/abs/2103.04974

Prediction Prediction

Prediction

Measurement of Z-boson transverse momentum
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@ Measurements differential in invariant mass, allows
disentaglement of perturbative and non perturbative effects, and
of different initial flavour compositions
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W, Z rapidity cross section measurements

@ W asymmetry and Z rapidity measurements at the LHC directly
constrain valence and sea PDFs
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@ These measurements are systematics limited already in Run 1

@ New experimental methodology are needed to fully exploit the potential of the full LHC
data sample

@ With enough statistics, low pile up data can also be used to perform measurements
with smaller systematic uncertainties
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Fiducial power corrections

FEWZ 3.1: W* @ NNLO ME + ATLAS-epWZ12
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@ Perturbative calculations are be affected by 3000
enhanced logarithms, connected to the linear
dependence of acceptance on the boson pr. 2800
When approaching the limit pr. - pr1 they

become unreliable 2600
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@ The effect is larger when p+ is closer my/2, 2400
and at large values of cos(0), as in the
central-forward (CF) kinematic region
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FEWZ 3.1: NNLO ME + ATLAS-epWZ12

@ Need to resum fiducial power corrections in
order to get a meaningful predictions, either
with parton shower or with analytic
resummation
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Recent studies on
this topic with
alternative solutions
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https://arxiv.org/abs/2106.08329
https://arxiv.org/abs/2104.02400
https://arxiv.org/abs/2006.11382
https://arxiv.org/abs/2001.02933

Fiducial power corrections

o _ _ _ Dataset CT14 CT14
@ Preliminary study, including gr-resummation published ~ NNLL
with a recoil prescription in PDF fits to ATLAS  ATLAS low mass Z rapidity 2011 11/6 —= 876
i ATLAS peak CC Z rapidity 2011 i) s Ty 1)
W.Z rapidity measurements ATLAS peak CF Z rapidity 2011 10/9 — 5.6/9
. iqnifi d h ATLAS high mass CC Z rapidity 2011 6.3/6 6.3/6
@ Corrections are significant compared t0 thé A1y AS high mass CF Z rapidity 2011 5.1/6 54/6
experimental accuracy, and gives large ATLAS W- lepton rapidity 2011 )l 8.8/11
improvement in Xz ATLAS W+ lzepton rapidity 2011 10/ 11 . 10/11
Correlated x e 35
_ : L Ity x? -4.11 -3.60
@ Striking example is the Z central-forward i i
: - : : - - Total x2 / dof 103 /61 — 86/ 61
configuration, with 10% corrections in the first
and last bins X" p-value .00 0.02
D.E 115_ LI LI T T 1 LI LI B I |— E AII'.I'}_AS ) 2#'}’*;_‘)]_‘_'_ )
B - - > 100 's=7TeV,46fb 686 <m, < 116 GeV
= B . k=] I~ e Data ]
ug L . = o e 5 L p;, > 20 GeV -
P 11— A — 8 B who—te— | <2.5 5
© N :#: _l_ i RCe EIT:::!‘;PDF20 25<,l<49
1_05__ - 60| A MMHT2014 ]
i _ - ¥ NNPDF3.0 =
N . ] ' - :
£ —= e e E 40+ —er—
N ++='———-——.—;b_“ i, —+— i "
_ pp->Z+X, CF, 66<m<116 GeV - : 201 oo ——u sint ]
095 PPN -~ B o i A,
B - NL0+NLL 'r NLO N izl d luminosity uxl:ludmj{ 1 B"‘Y} |
~ —= NNLO+NNLL / NNLO 4 o = o R s e
) N I P I B g 45'& i:
1 1.5 2 25 3 3.5 4 2 R
2 3 > 55
lyl = P oof

Stefano Camarda 8



Z-boson angular coefficients

@ The angular coefficients provide a powerful framework to describe asymmetries of
the DY cross section as the azimuthal (A2) and the forward-backward (A4). The
decomposition holds at all order in QCD

do d3c
F g Ai ) ) Pi 99

CMS 19.7 fb™ (8TeV)
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- —e— Total systematic B
| e Efficiencies
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0.03- - - q_, y shape

- Background
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\
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<
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@ Coefficients defined in 0 50 100 150 20ho =
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@ Percent-level measurements from R - |
ATLAS and CMS at 8 TeV, as well s T ]

as accurate perturbative QCD oot E
predictions at O(c._°) are available 0.01 E
o,oosf
0- 10 100
pZ [GeV]
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Z-boson angular coefficients

CMS 19.7 fo' (8TeV)
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Angular coefficients in the non perturbative regime

0.25

0.2

015 |
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0.05 |

= p+pat800 GeV/c
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arXiv:0811.4589

@ cos(2¢) (A2) asymmetries in the non perturbative
regime were observed in fixed target Drell-Yan
experiments (NA10, E866)

@ They are well described by Boer-Mulder TMD
functions

@ The non-perturbative contribution to A2 at small g, Is

expected to change sign between y* and Z
exchange

0.04 A :
0.00 | - :

-0.04 -

@ |s such an asymmetry expected also in W? The
measurement of m , could be sensitive to such non-

0<y<1.5 perturbative QCD asymmetries, it may be necessary

-0.08 |-

o a1 5 a

0<q <2.0 GeV

F

20

40

to quantify it precisely for future measurements
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https://arxiv.org/abs/0811.4589
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CMS W polarisation
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http://arxiv.org/abs/2008.04174

QCD issues In the measurement of my at the LHC

@ The measurement of my at the LHC is extremely sensitive to QCD effects

@ They affect all aspects of the measurement: detector calibration, transfer
from Z to W, PDF uncertainties, W polarisation, modelling of pr W

@ The measurement of my provides a great occasion to understand QCD,
recent examples are the ATLAS and LHCb measurements

;‘ B T T I T T I T T T T I T T T T I T ]
® o sf ATLAS == m,, = 80.370 £ 0.019 GeV ] Total uncertainty
g L B m-=17284+0.70GeV 1 Stat. uncertainty
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B -7 DELPHI °
~ L3 o
80.4—
D OPAL .
LT T CDF ——
80.35 B . bo
B =it n ATLAS — —
803 = = 68/95% CL of Electroweak] .
[ Fit w/o m,, and m, . LHCb 1.7 fb —
- (Eur. Phys. J. C 74 (2014) 3046) - Electroweak Fit . -
80 25 B 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 Bl . IarXIV210|901113 , , . .
165 170 175 180 185 80100 80150 80200 80250 80300 80350 80400 80450 80500
m, [GeV] my, [MeV]
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https://arxiv.org/abs/2109.01113
https://arxiv.org/abs/1701.07240

ATLAS and LHCDb results for m

ATLAS
Mw = 80369.5 + 6.8 (stat) £ 10.6 (exp.syst.) = 13.6 (model.syst.) MeV

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.

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

LHCb Source o ‘ Size [ MeV]

Parton distribution functions 9

_ Theory (excl. PDFs) total 17

Ile - 80354 Transverse momentum model 11

-+ Angular coefficients 10
—_— 23 (Stat) QED FSR model 7
i 10 (exp) Add%tional electroweak corrections 5]

Experimental total 10
i 17 (theory) Momentum scale and resolution modelling | 7
Muon ID, trigger and tracking efficiency 6
i 9 (P D F) Isolation efficiency 4
QCD background 2

M eV Statistical m

Total 32

@ The dominant uncertainty is due to the
physics modelling (theory)

@ The largest contributions are from QCD/PDFs
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W mass at the LHC

A proton-proton collider is the most challenging environment to measure my,

worse compared to e+e- and proton-antiproton
proton antiprqton proton

{ U \; N //,

@ /N Negligible

=il "

In pp collisions W bosons are mostly In pp collisions they are equally distributed
produced in the same helicity state between positive and negative helicity states

Further QCD complications ‘
@ Heavy-flavour-initiated processes

@ W+, W- and Z are produced by different light Large PDF-induced W-
flavour fractions polarisation uncertainty affecting

the pr lepton distribution

@ Larger gluon-induced W production
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PDF uncertainties

@ PDF uncertainties are currently the largest uncertainty at the LHC, and they
are expected to remain dominant in future measurements

@ The main mechanism which gives rise to large PDF uncertainties is:
valence/sea — W helicity - p_ lepton - m,

Q° = 6464 GeV~

mm MW-NLO exp+mod > W (s = 7 TeV > : eriter
[ 4 PP VW VS= e = r '
m MW-NLO rg var ~ Eg n
1.2 -y

80390 -

|
T

80385F 1.

—h
Q
~]

—h

80380

—— Spin correlations 80375:—
..... No spin correlations /
L N L | M M |

X(d/@)(%,0%x(d, B,

Ratio 1/c - do/dp

e
©

1.005F 80370 —W No spin correlations 80384.7 +3.4 35
. i [-W* A = £1 symmelric  80386.3 +3.8 -3.7
1 8030s. W Spin correlations 80385 +15-17
! 0.995F }HHIHI‘_\\IH‘DIHI\‘_\IHIIJ/
IIIII 1 IIIIIII‘ 1 1111 I

Lo 1 L1 n (4]
10" 107 102 10" 1 PDF member

ATL-PHYS-PUB-2014-015

~80% of the PDF uncertainty on my
IS longitudinal-polarisation induced
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https://cdsweb.cern.ch/record/1956455

Physics modelling for my

@ The physics modelling comprises the theoretical prediction used to extract the W mass from
the observed distributions in data, and the way theory uncertainties are addressed.

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

do (pr,y) (dcr(y)

?
» (1+cos?0) + > Ai(pr.y)Pi(cos 6, )

|
Breit-Wigner { Parton ShOW

NNLO pQCD

@ This factorization allows building a composite model, and using the most appropriate or
accurate model for each term.

@ Precise QCD is essential for modelling of do/dy, do/dpt and of the angular coefficients. The
physics modelling strategy is based on QCD predictions and auxiliary DY measurements.
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Physics modelling — DY ancillary measurements
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Modelling of pt W

~ 1.04
ATLAS Simulation

@ The p, W modelling is based on precise measurements
Vs=7 TeV, pp— W +X, pp— Z+X

& 1.03

of p, Z and accurate predictions of the W/Z p_ ratio Lo
| - 1.015
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@ The pr Z distribution is measured at permille accuracy i
@ The WZ pr ratio is currently known with 2-3% uncertainty 9.95F .
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® Large spread of W/Z pr ratio predictions at the level of 5-10% | — 2= b
“F —cuTe
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@ non-perturbative QCD
@ (,-resummation

@ heavy-flavour-initiated production
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Modelling of pt W

@ Ongoing effort in the LPCC EW working group to

~— bp I . . . .
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sufficient for a precise prediction of the W/Z pT ratio
% L 13 TeV, pp — Ziy" - I, p, > 25 GeV, In| < 2.5 = 10~ : : — —
Q 60__ I'T'I"."2-¢|.lH,HF‘2Q(2[T]“j1f2£pﬂpr,quQ‘yF-"Q32 10-2 1 ';' DS|—" [N LSRR LAY RALRRRLY LRAR B T T T TTT1]
8 + i ; U-8F = H =~y (13 TeV) 1
;- B NLL+NLO resummed ;i“"‘ B RN S . L é 0*7"_ T = rEF‘T,mT,T: 125 GeV 3
YN mVionmmme v B % 06 ERNVLANIO 2
20__ [ élﬂ"' E_NNPDFS.J. (NNLO) 5 050 S .| 2 = NNLL+NLO =
' ) = o r;;z;}:;\:;:(_’ é'*f."):l— At . a,é 0.4 + ﬁ;ﬁﬁ?}]—‘relimimr}-‘i
D__ L s e iﬂl_(; -— #“.;?!lerm = 3 'g D+3
og 120 y - kg 0.2} 3
CIN e 1T Roa o | T ;
g ¢ 510 15 20 25 30 < .| PR T T oobebalidiliidiinlid 4L TR
- q. [GeV] 080 0 20 a0 50 100 200 800 1000 0 10 20 30 40 50 60 70 80 100 150 200

pit [GeV]
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Modelling of pt W

hep-ph/0509023

o Z’X (S=14TeV) arxiv:1703.09702
50 . CTEQS5HQ!1 _ 0.10 - ! L —71 T T T 1 ]
Tt ] - — Full mass dependence L=
0.08[ -
— L ==-m — 0 ==
40 — ® _é: 0.06 oo ImMass — Nonsing. =
= ; ..-ﬂ'__'.--'"'.-. ]
> —_  0.04f e =
) I - ) ., P ]
g Nr Sy 0.02F e =
;— --b':f .-g| - __._.-f_',:-";r N
8 0 = D.[I[I: ,’H
i -0.02 e m = 4.8 GeV
: - 4 _D.u4 [ ' ' ' ]
10 : —— Massive (S-ACOT n - =
g1 Masslcss("ZAM-(VF}N") ] 0 0 10 15 20
| ar/GeV
00510 15 20 25 30 _
(6] @ SCET-based approach for gr-resummation
@ Heavy flavours initiated production with with massive quark effects

ACOT VFN scheme for Drell-Yan

~ @ Non perturbative models, TMD

Further open issues < @ Prescription for the IR Landau Pole

@ BFKL
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LHCb mw

+ Z/
Powheg+Pythia W o ud . }fk .

uu

L dd

1

0.9 I';:S 09 Bss
0.8 ch 0.8 I
07 1 _ 07 |ch3
_S 06k us ‘g 0.6 y! | |,“
2 05| Jog & %7 o
B o4 0.4 { Pdg
0'; I < Idg 0.3} B
0; I ATLAS lsg 0.2¢ i lﬂg
U.l [ CMS lcg 0.1f I LT
- .[} I L I I I L L L L L L
ol 0. R | S5 4 3 210 1 2 3 4 5 [Hother
5 432301 2 3 4 5 Mo Dilepton rapidity
Muon 1
NNPDF3.0
9 | I I I I
@ LHCb acceptance is highly complementary to ATLAS 3 s _
and CMS = p=-0.63
+8380.45 - =
@ W production at LHCDb has a different flavour E
decomposition with respect to ATLAS and CMS G 804 1
@ PDF uncertainty are largely uncorrelated or anti- 80.35F i
correlated between ATLAS-CMS and LHCDb, and the
corresponding uncertainty will be largely reduced in RIS | | | .
the combination 803 8035 804 8045 805

LHCb m}, (GeV)

arXiv:1508.06954

Stefano Camarda 22


https://arxiv.org/abs/1508.06954

LHCDb physics modelling

x10° x 107
150 W fitregion; [ HCb preliminary é]"’"_ﬁ”“gi““; ] el LHCb preliminary
= | I Data : : - t Data
= . 2] Z = upu
C'-‘: 100 F - il f 1500 B Rare bwikgrmlnd:\'
7] Z = uu = x|
Z - W = v -ﬁ 10040 F _-.
E 50 ¢ - Light hadrons i +++
l?*i Rare backgrounds i “""+___.__
e
0 0
= ;j Muodel uncertainty : = 1: Model uncertanty ]
é _] w,:,.u o —*H‘"'_'_‘—"*'Hﬁ i H % _I e ﬁ+;¢;+wwﬁf+4+.++++*++
(] 08 [ 08F 1
06b__ i i 06k ]
004 003 002 001 0] 0.01 002 003 004 0 005 01 015 02 0325 03 035 04 045 05
Muon q.-’pT [1/GeV | P*
Floating parameter Postfit value )
Fraction of W+ — utv 0.5293 = 0.0006 x~/ndt = 105/102
Fraction of W~ — u v 0.3510 &4 0.0005 e
Fraction of hadron background 0.0151 4 0.0007 JStat(mW) =23 MeV
z
@ 0.1243 + 0.000 (Fit value is still blinded)
o 0.1263 & 0.000
ke 1.57 4 GeV
A= scalin 0.979 + 0.026 @ Additional freedom in the W/Z p+ ratio
3 g
through independent as(mz) values
@ LHC measurements would greatly benefit » Normalisation of A3 coefficient is left free in
from understanding such issues from first the fit
principles
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Prospects for m, at the HL-LHC with low pileup data

5 20r | [ ! .

g 1 F-ATLAS Simulation Preliminary @ Increased acceptance provided by the new
ERN E_Vg: VG s = Il stt. ® PDF 200 pb” inner detector in ATLAS, (ITk) extends the
< L Py In|| <4 [ ] stat. ® PDF 1 b coverage up to |T|| <4

B POF
@ _, Allows further constraints on PDFs from

10; Cross section measurements

8F

6F @ With 1fb? of low pileup data (<u>~2) likely to
a4 reach ~ 6 MeV of stat+PDF uncertainty

2F .

o @ L HeC ep collisions would largely reduce PDF

CTi0  CT14  MMHT2014 HLLHC  LHeC uncertainties (< 2 MeV)

ATL-PHYS-PUB-2018-026
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W mass at future colliders

@ The ultimate precision on my can be achieved at e*e’ 2 20 gp T
colliders through an energy scan of the WW = Ve -

1 © ]
production threshold

10

» Near threshold, the WW cross section is proportional /o W
to the non-relativistic W velocity | / |

_ O-(WW) 0.6 BW 0 / . I R T
arxiv:1306.6352 160 180 200
ILC Giga_z program Phys.Rept. 532 (2013) 119-244 ps (GeV)
@ Energy scan 160 to 170 GeV 512 Foses WarTesRod
® dMw = 6-7 MeV S [ Cmicrod8se1ass Gev, ryes 085 Gov
=10 []m,=80.385GeV, I',=1.085-3.085 GeV
FCC-ee WW program )
@ SMw = 0.5 MeV
— dominated by statistical uncertainty 6l
Dominant theory uncertainties af-
@ |nitial state QED corrections
@ Parametrization of cross section near threshold 2
QCD not an issue! e T TN

Vs (GeV)
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Top quark QCD measurements

m momn
p Viu ; : .
% neutrino @ Top quark production cross-section
: measurements at the LHC have reached
percent-level accuracy

Jet 1(b) o

proton beam proton heam

@ Focus on measurements and QCD analyses
leading to the determination of PDFs and

¥ & (Xs(mz)
R
Vi

neutrino g == |nC|USive tOp qual’k pI‘OdUCtion

1 |
o
. e - . . . T .
9 electron Jet 2 (b) = Differential partonic tt cross sections

-+ Differential leptonic tt cross sections
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Inclusive tt cross section [pb]

Top quark production inclusive cross section

10°

10°

10

T T T I T T T T T T I T T T | T T T | T T T

Tevatron combined 1.96 TeV (L < 8.8 fb™) —
ATLAS dilepton* 5.02 TeV (L = 257 pb™) ATLAS+C|\é|t5 Prelé‘mmary May 2021
LHCtop W

CMS combined ey, I+jets* 5. 02 TeV (L 27.4-304 pb’ )
ATLAS epn 7 TeV (L = 4. 6 fo)
CMSep7TeV(L=5f"

ATLAS en8TeV (L=20.2 fb’ )

CMSeu8TeV (L=19.71b7)

LHC combined epn 8 TeV (L = 5 3-20.3 fb ) LHCtopWG
ATLAS epn 13 TeV (L = 36.1 fb )
CMSen 13 TeV (L=35.91b")
CMS t+e/u 13 TeV (L =35.9 fb” ;
ATLAS l+jets 13 TeV (L = 139 fb )
CMS l+jets* 13 TeV (L = 137 fb’ )
CMS all-jets* 13 TeV (L =2.53 fb” )

* Preliminary

ObOe<EH<«OomOEON—

"l bt

700F

== NNLO+NNLL (pp)
g NNLO+NNLL (pp)

| Czakon, Fiedler, Mitov, PRL110(2013) 252004 ' 1'3 IG[ITeV]_
E NNPDF3.0, m, = 172.5 GeV, ag(M,) = 0.118 + 0.001 3
C/1 1 ] 1 1 1 ] 1 | ] ] ! ! 1 | 1 1 1 ] 1 1 L

2 4 6 8 10 12 14
Vs [TeV]

Inclusive cross section is sensitive to
PDFs, as(mz) and top mass

@ Allows determination of as(mz) with a

NNLO QCD analysis

CMS 35.9 fb™' (13 TeV)
O
0|5
Of arXiv:1812.10505 o«
MMHT14nnlo ° \
m,(m,) = 163.47 GeV
CT14nnlo °
m,(m,) = 163.30 GeV
NNPDF3.1nnlo : ° A\
m,(m,) = 162.56 GeV
N
ABMP16nnlo , °
m(m,) = 160.86 GeV
I l | I
0.105 0.11 0.115 0.12
ag(m,)
PDF set (s (mz)
ABMP16  0.1139 4 0.0023 (fit + PDF) T00011 (scale)
NNPDF3.1  0.1140 =4 0.0033 (fit + PDF) F0005) (scale)
CT14 0.1148 + 0.0032 (fit + PDF) 90005 (scale)
MMHT14  0.1151 & 0.0035 (fit + PDF) 00009 (scale)
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QCD analysis of top production

CMS 35.9 fb™ (13 TeV)
— " ' L L L L I | ol | L
T 021 gooameh T doo<Mmth T soo<Mh T s00<Mh | 400<M) | s00<Mc) | © Data, dof=23
% <400GeV <500GeV <1500GeV <400GeV <500GeV p= <1500GeV NLO CT14
B N]el=0 Njet=0 |\lj(-:t>0 Njel>O mf0'9=1 72.5 GeV
E = | - - | | — ag=0.118, x2=61
m - 014=0.113, %2=56
0.1 |- 0i=0.123, %2=87
e, j CMS 35.9 fb' (13 TeV)
0.05 = - T I01l+ T L T : """ | I I T I ‘ T T I T | T
: NG M(tt),y(t0)]
—— as(mz) with total unc.
o 1.4F —— data unc.
= 1.2} —— PDF unc.
1
o 0.8l —— punc.
0.6 . . . . . , . , . . , , — m{®® + 1 GeV unc.
1 2 1 2 1 2 1 2 1 2 1 2
ly(tH)] i =)
HERAPDF20 Hﬁ*
- - - - CT14 %"
@ QCD analysis of top production differential
cross sections as functions of (M, Vi, Niets) World average [PDG2018] o
| 1 ‘ | 1 | | | 1 | 1 | | | | 1 | ‘ | 1 1 | | 1
@ Simultaneous fit of My, as(Mmz), PDFs 09 il il %‘(’;,1,3)
Z

Stefano Camarda 28



Leptonic top production cross sections

;- *.. | T LA L B B B B L B B B \1117 '_0.9_““ T — T -
® ATLAS A - .
o \s=13TeV, 36.1 fb” S o08[ Bds i =
= N = , O0. 5 -OF \s=13TeV, 36.1 fb B
107 ® Data 2015-16 ER=ay = ® Data 2015-16 =
_g_ . total uncertainty 3 T F total uncertainty 3
® E — Powheg+PY8 1 8 oeE — Powheg+PY8 4
gl - ---- Powheg+PY8 RadDn- b “ ' F Powheg+PY8 RadDn
© i Powheg+PY8 RadUp | 2 05 = e Powheg+PY8 RadUp 1
™ al e - aMC@NLO+PY8 = -+ aMC@NLO+PY8 7
10 g 3 0.4 =

. ] 0.3 =

- 7 0.2F =

0.1 E

% &
50 100 150 200 250  30C 0 0.5 1 1.5 2 2.5
Lepton p'_ [GeV] Lepton n| - RRY oy .
I P
@ Measurements of leptonic differential cross § 4l HERALLIL A
sections in top production at 8 and 13 TeV G T = GTrenlo profied
have reached subpercent accuracy 2 |

1.
@ Measurement at 8 TeV was used for PDFs i

and my, determination

1072 107"
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Strong-coupling constant from jets measurements

@ Measurements with highest experimental
sensitivity:

~ TEEC (ATLAS)
- |nclusive jet cross sections (CMS)

@ Other measurements not discussed here:
dijets, 3-jet mass, Rs, cross-section ratios
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Transverse energy-energy correlations

= —— N A A
= | 1 | '|"""|"'|"'|"'|: 1 4= 1 ETiETj
é 0_}_ ATLAS \s=8TeV;20.2fb" T - dcos ¢ = N Z ﬁ&COS ¢ — cos ¢; ;)
S - o ] A=1 ij (Zk ETk)
> 0 25: anti-k, jets R = 0.4 —e— Data (exp. unc.) 7
L U =8 NLO pQCD (th. unc.) A .
= F o™(m)=0.1171 NNPSF 2 ?NNTS)) 1 @ Transverse energy-energy correlations (TEECs)
0.2— —] -
e EODIBE oy <50 GEH 1 are t_he transverse energy weighted angular
- 1 distribution of jet pairs
- Ea 1 @ TEECs provide a measurement of
0.1 4 as(Mmz)=0.1162+0.0011(exp.)+0.0084-0.0070(theo.)
0055_ ** § @ High experimental sensitivity <1%, experimental
r " *,'r: uncertainties dominated by jet modeling and
B e o B T B o N
I S T T S S S T T S MY ‘]ES/‘JER
> 12f -4 @ Large theory uncertainties dominated by scale
o - _ . .
2 i tions
I N N S W A S W R
_.\‘E :’+ *+ * } + + + ++ +_{—| ) B N A IR A R I N i R =
S oar N > °F  AaTLas — ol E
§ 8 TEEC\s=8TeV sy
08 -06 -04 02 0 02 04 0.6 08 5 6l 800 GeV < H, <850 GeV  — Other E
cos ¢ :;E 42 :
§ 2f

Lo b b by b b b v b by gy 1y 1]
-1 -08 -06 -04 02 0 02 04 06 08 1
cos 0
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(8 TeV)

d’c
dp_dy

(2.76 TeV) /

(o)
y

©
] —

d
dp

CMS inclusive jet production at 2.76, 7 and 8 TeV

8 Te\{

1017 = T T T T T T 1 T T T 1 1 1I ] = arXiv:1609.05331 8 TeV
::CMS Open:L,t=5.6pb' :: o E T LI B T T L | |_
Ly : s Data/(CT10 NLO ® NP ® EWK ]
10" 5 Filled: Ly = 19.7 fo 4 £ 18- CMS T pAai(CT10NLO o NP) -
_Qe‘ae.e,ae% ------ CT10 NLO ® NP ® EWK _] @) E e QEMALDH . .
Ch %:’ . | T MSTW2008° E
%‘Fe, — O {14F -.-.- NNPDF3.0 -
108 MW_:-A-& g = T - Total exp. sys. unc. .
M**::‘W-vgz?\h i ocC 1.2 — K
105 i -+ o _*j"" E 1; ---------- ‘:zl'\!----'--.-.l- ¢ |
102; - |y| <0.5( x10°%) E 0.8
- = 05<|y|<1.0(x10°) '
10'E = 1.0<]y|<1.5( x10%) 0.6
= =+ 15<|y|<2.0(x10°) 0.4
104 E =~20<]y|<25(x 10?) C ly| <05 Open:L_=5.6 pb’ =
= +25<|y[<3.0(x107) 0-2Fanti-k (R=0.7) Filled: L, = 19.7 fbo E
10_7:_+3.2<|y|<4.7(l><10) l O: 1 | | | 1 II| IIn | 1 | 1 | II| 1 N
21 30 40 100 200 300 1000 2000 21 30 40 100 200 30 Jot D (ég%
Jetp_[GeV] Py
0.165M :
0.14% -oaave 4 @ The measurement is sensitive to the gluon PDF
K. CT10 Theo. prediction]
%gé B CT10 PDF uncertainty]
kY [ NNPOFS.0 1 @ Cross-section ratios at 8, 7, and 2.76 TeV improve the
. K --- HERAPDF1.5 - i i
o gggg YR : sensitivity to PDFs
0.08 g& -
0.06/- & .
0.04- x?g&g) .
0.02 |y|<05 § -E
055700 200 300 400 500

Jet P, (GeV)
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CMS inclusive jets

. CMS NLO HERAPDF Method (Hessian) h CMS 197 b (8TeV)

NA (_':) _I T | T T T T T T T T | T ]
(e} " HERA I+lI DIS Q%=1.9 GeV? i ]
¢ - ) O 1'8__ |Y| <0.5 =
X 3 [ I HERA I+1I DIS + CMS jets 8 TeV © - CT10 NLO anti-k, (R = 0.7) ]
o)) | o 1.6 .
. L T L ]
» a 14 e
! 1.2 : -

3
% .

1 0.8" ;
06 = os(M)=0.1120 1
o L :_ . &S(MZ) _:
o 0.4 == ag(M,) =0.1270 A
= oo —ag(M)=0.1180 _3
S 0o e ___ [ -e-Data/(NLO ® NP ® EWK) :
- = 056100 20 @00 " ooo 2000
© Jet |:)T (GeV)
m | | III‘ | I | Il\l | 1 1 | aerVl60905331
10 10" CMS
X o 02AES CMS Incl.Jet, Vs = 8TeV, ag(M,) = 0.1164° 0>
. S C —e— CMS Incl.Jet, Vs = 8TeV ’
@ Strong reduction of the gluon PDF 22 et ot o
uncertainty, especially at high-x o2E e
0.18— —=o— DO Incl.Jet .
@ The measurement is used to determine o.16F- e
— —&— ZEUS
O(.s(mz):01164100015(exp) 0'14:_ - - - World Avg o(M,) = 0.1185 + 0.0006
+0.0058-0.0040(theo.) E
@ Dominated by scale variations and PDFs 01
0.08—
° The runnlng Of s IS prObed up to 15 TeV :EIS é%él1|0 2I0 SIO 410 — II1(|)0 2(|)0 3(|)0 - lTIOIOO 20I00

Q (GeV)
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Strong-coupling constant from W,Z cross section

CMS 38 pb™ (7 TeV) + 18.2 pb™ (8 TeV) | |

e CTi4 3 — T NX1O?MS pp — WX, Z+X (fiducial) 38 pb” (7 TeV)+185.2 pb” (8 Te\f)

= HERAPDF2.0 ~ o " —— 7Tevw, < \

& MMHT14 [T 7TevVZ, 8~ I

¥ NNPDF3.0 r -; ' ;:Emi 6} & HERAPDF2.0

= = __!_‘:._ 7TevZ, - A MMHT14

B -; : ‘ : 'm__i_ 8 TeV W; 4_— =¥= NNPDF3.0

- e 8TeV W, B

- e — 8TeVz, 212

- " j—ﬂ-— 8 TeV W} )

B lfnl -ti STV, Lissslaossalowpolorsiloeoqlisaplogaolo el

- e 8Tevz, 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122

=T PR PPRTE PTTTY FTTUY BTN M T P N e NNLO
0.085 0.09 0.095 0.1 0.105 0.11 0.115 0.12 0.125 0.13 0.135 0.14 Qs (mz)

aSNNLO(m7)

@ First determination of as(mz) with the DY process

@ Result compatible with the PDG world average:
as(mz) = 0.1175+0.0025-0.0028

@ Measurement dominated by PDF and luminosity
uncertainties
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as(mz) from Ry and at Rz FCC-ee

Rir::: =2.069 (11 x 109 —— CKM unitarity 5 Fits including I', and RIU, theory uncertainties for FCC-ee scaled by 1/4.
0,1 21 . + : | 3 L - L : NN : : L : 1 T | 1 1 : I | : 1 I L - L E__
- : <] 4.5 - | | FCC-ee prospect 1 €] fitter ;E
C=CC 4 = ---- No theo. unc. : ' 52
~ — 1/4 today's theo. unc. B o
FCC-ee estimate 3.5 [ Present precision =
¥ = =
0,120 4 e ~_ -@ World average [PDG 2017) —
— 3 b -
o= = 2
= a(m?) = 0.1197 + 0.0003,,, 25 = =
— + - -4
w = =
3 s 2 £ =
0,119 - 15§ =
1 N et - - e e =10

0.5 =]
0 | | 1 | -

0,118 . 1 . i g T : 0.116 0.118 0.122

2,0680 2,0685 2,0690 2,0695 2,0700 2

og(M3)
Ry <

@ Prospects for measuring as(m;z) at permille level precision from the
hadronic/leptonic Z and W decay ratios (Rz, Rw) at the FCC-ee
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@ Understanding of QCD is critical for all aspects of the LHC physics
program: many analyses limited by PDFs, as, and QCD modelling

@ QCD is entering a new precision era, with several LHC measurements
at percent or permille level precision, and QCD predictions at two and
three loops

@ Permille level accuracy is expected for tests of QCD at future colliders,
and in particular a determination of the strong-coupling constant at
0.1% accuracy
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Angular coefficients A

@ The angular coefficients provide a powerful framework to describe asymmetries of
the DY cross section as the azimuthal (A2) and the forward-backward (A4). The
decomposition holds at all order in QCD

Z A,'(y, PT, m) P,'(COS 9, ¢)

NNLOJET

do

d3o

dpdq - dprdydm

< 1

08—

06

—}— ATLAS data

I LO

pp— Z+X, vy, inclusive Ys=8TeV
: -

Ratio to NLO

0.8

0.6

@ Precise measurements from ATLAS and CMS as well as accurate perturbative QCD

predictions at O(c._’) are available

d:c

Ratio to NLO
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0.8

1.4

1.2

0.8
0.6

0.6F

04f

NNLOJET pp— Z+X, |y, | €[0.0,1.0] Vs =8 TeV

T . ——— . .
- —4— CMS data J
C_ pomew LO _1
C B NLO e n
- I Lo — F
= [t .
__ L __
B ]
e R —
__‘l Ll T '[

10 100
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Motivation for my

The global fit of the electroweak observables

is dominated by the measurement of m
mm Global EW fit

- Measurement Measurement SM Prediction (*)

|||||I|||||||I\||||||||\I|I|||I||||
M,  emmmm my  125.09 + 0.24 100.6 * 23.6
My| ——e—mmm m 173.1+ 0.6 176.1+ 2.2
m| . = mw  80.379+0.012  80.360 % 0.007

. . . . . . (*) arXiv:1710.05402
|II|IIH|IIII|IHIIIIII|1IIIIIII1|III

3 2 -1 0 1 2 3

(Oindirect ) O) / Gtot
The measurements of the Higgs and top- _ o _
quark masses are currently more precise = —pp» Improving precision will not
than their indirect determination from the increase sensitivity to new physics

global fit of the electroweak observables

Indirect determination of mw (£7 MeV) is more =

exp
precise than the experimental measurement Call for omw °> MeV

The W mass is nowadays the crucial measurement to
Improve the sensitivity of the global EW fits to new physics
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Measurements of SM parameters at the LHC

SiNZ0y

[w

Various SM parameters can be measured at the LHC with a
precision competitive with previous determinations

arxiv:1503.07580 the LHC

125.09 = 0.24 GeV (ATLAS+CMS Run 1) Uniquely measured at } Higgs
172.69 £ 0.48 GeV (ATLAS) aivasiooiz72 - MOSE precise )

172.44 £ 0.49 GeV (CMS) anxivi1500.04042  MEasurements

0.1164 + 0.0052 (CMS jets) axivieoo0s321 - Currently dominated by > QCD
0.1151 £ 0.0028 (CMS tt) axivizo7a007 - large theory uncertainty

0.1173 £ 0.0046 (ATLAS TEEC) axivisosois7e (MHO, PDFS) y

80.370 £ 0.019 GeV (ATLAS) axiviroror220 Competing with R

Tevatron precision

0.23140 + 0.00036 (ATLAS) aras-conr201s037 NOt yet competitive

0.23101 + 0.00053 (CMS)  axwisosoosss  with LEP and SLD > Electroweak
0.2314 + 0.0011 (LHCb) arXiv:1509.07645
2144 + 62 MeV (CMS) arxiv:1107.4789  From W/Z cross

section ratio Y,
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Experimental measurements at colliders

The W-boson mass can be measured from: P

@ Kinematic properties of decay leptons in the SPS Tevatron
final state in pp - W - Iv processes (hadron "LHC ’
colliders)

~~

@ Direct reconstruction from the final state In

ee -~ WW - ggqa/qglv (e+e- colliders) LEP best

| | measurements
@ W-pair production at thresholds (e+e- colliders)

. L g 201 EP | -
\_,y Limited by statistics at LEP, < e e |

but most precise prospect ¢ +

at future colliders

10- £ H
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LHC experiments

44m

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Solenoid magnet | Transition radiation tracker

Muon chambers
Semiconductor tracker

CMS _
3.8T Solenoid

ECAL

Muon System
Endcap
(CSC+RPC)

15m

TRACKER
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W mass at the LHC

pp — W — lv

@ Main signature: final state prompt and isolated
charged lepton (electron or muon)

@ The neutrino momentum can be reconstructed from
momentum imbalance in the transverse plane: pr™ss

@ The transverse mass mr is defined from variables
measured in the transverse plane

Observables sensitive to my are

Lepton transverse momentum Good detector resolution, Very sensitive to theory
P4 pileup robust uncertainties (PDF, prW)
Transverse mass Poor detector resolution, Less sensitive to theory

_ Cov1 sensitive to recoil calibration, uncertainties
T = \/2]9TpT(1 cos AP(E,V)) - egrades at high pileup
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W mass — Measurement strategy

mw extracted from the pr lepton and transverse mass (mr) distributions

arXiv:1701.07240

iy -

£ ,09- ATLAS Simulaon ~ [@ENomna  _ £ 012 ATLAS Simulation
g 0.08E- 15=7 TeV, pp— W*+X — A my,=-50 MeV g 5 12_ I1s=7 TeV, pp— W*+X
°  0.07F — A my=+50 MeV O -
§ 0.06E- § 0.08[—
@© = © —
£ 0.05= € 0.06
© 0.04 o C
Z 0.03 “ o004
0.02 -
0.02—
s . O S E € 1otE RERERRRRNS R R
2 e == 2 1 e ]
=~ E - = E———— o —— ]
R e 3 = 0_992_ .............................................................................................................................................. _z
> 30 32 34 36 38 40 42 44 46 48 50 > 60 6l5 7'0 7'5 8|0 8|5 9'0 9'5 100
lepton h Jacobi PriGet m; [GeV]
priepton has a Jacobian m+ has a Jacobian edge at mw
edge at mw/2
Template-fit approach: Challenges:
@ Vary the W-boson mass values in the @ Ultra-precise detector calibration ~ 10
theory prediction, and predict the pr lepton
and m+ distributions @ Accurate theory predictions

@ Compare to data, and determine the W
mass by x? minimization
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ATLAS — 7 TeV result for m,,

ALEPH
The ATLAS result equals in precision the DELPHI
previous single-experiment best L3
measurement of CDF -
coF |
Mw = 80369.5 + 185 MeV >
ATLAS W*
ATLAS W~
ATLAS W*

® Measurement
== Stat. Uncertainty

— Full Uncertainty ——

1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
80250 80300 80350 80400 80450 80500
m,, [MeV]

Mw = 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.
n-z-r—p,"r', W=, e-u | 80369.5 ‘ 6.8 6.6 6.4 2.9 4.5 8.3 55 9.2 |18.5 | 29/27
and the largest contributions are from QCD/PDF
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LHCDb — Prospects for mw

— 04 I —
@ Run 1 + 2 allows reaching ~10 MeV statistical 03 S 3
uncertainty Srosk e
=l L£=6H""
. ) o [).l:— 2<np<45 .
@ LHCDb analysis plans to exploit the sensitivity of N e
the p_ lepton distribution to the W mass and to 10
. L i
all components of the p. W uncertainty =
| 51
. . : =
e Simultaneous fit to W mass and p_. W nuisance )
parameters 2
18I""'I""II e

PR < p < 50GeV/e
i -I- (mw only)

- Qg

| intr.
Ik

= , intr.
T o, ki

[ Fof. KRY

—10 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
30 35 40 45 a0

P [GeV/(]

—
(=]

@ When the fit range is large enough it is possible
to determine all parameters with a relatively
small loss in the precision of the W mass

H
.

Mean my error [MeV/c?|

[
]

10
20 25 30 395

pin [Ge Vel
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Prospects for future measurements

Two paths for future measurements at ATLAS and CMS

High pileup Low pileup

Most sensitive

lepton m
observable Pr 1EP !
Theory '

W/Z p_ ratio, PDFs

challenge Pr Pors
Experimental p, lepton calibration Recoil calibration
challenge
pominant.  — ppysics modelling, PDFs  Recoil, stat, PDFs
uncertainties

+ +

= Only option at LHCb + Requires dedicated runs
-~ Can benefit from very high stat -+ pProvides measurement and
of the HL-LHC program data-driven modelling of p. W

@ Orthogonal approaches with different dominant uncertainties
@ Should be both pursued, will benefit from the combination
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Physics modelling — Summary of QCD uncertainties

W-boson charge w+ W~ Combined

Kinematic distribution pf; mr pfr mr pf} mr

omwy [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 15 12 15 12 15
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 38 53 D28 OS5I HBE B3I
Total 159 18.1 148 172 116 129

@ PDFs are the dominant uncertainty, followed by pr 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.

@ pr W uncertainties are similar for mw extracted from pr
lepton and from mr
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Models for pr W

Since the pr Z distribution is very well measured, the relevant theoretical
uncertainties are those which affect the W/Z p+ distribution

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

bN . . N 1.2
A ATLAS Simulation )
6 1.15 - 51.15
s=7 TeV, pp— W +X, pp— Z+X o '
1.1
1.05F
e
0.95f
0.of == Pythia 8 AZ
F — DyRes 1.0 e
0.85 — Resbos
E — CuTe
08_|A||||||||\||||||x||||||||1|||||
"0 5 10 15 20 25 30 35 40
WZ[GeV]

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

1.015E

s 1.8 A .
& ATLAS W s v ]
O 1.025 . —+— Daa =
o e —  DYRES ]
a. — Powheg MiNLO + Pythia 8_

Pred. / Data

—_
—

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

F B Pythia 8 AZ g
ges — Herwig 7
08H"ll"'l‘llllllHl""l""l""lll"

-0 5 10 15 20 25 30 35 40

P, [GeV]

- aTLAS W*%gv

B J —¢— Data
1 08 \s=7 TeV 4.1 fb : E== Pythia 8 AZ

[ M — — DYRES
1.06 _—|_| | —— Powheg MiNLO + Pythia 8_
1.04F
1.0288 W

1

0.98

1 MINLO and NNLL
1 analytic resummed
predictions as
Resbos, Cute, and
DyRes are strongly
disfavoured by the
{ recoll distribution in
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Modelling of pt W

» The modelling of p._ W is crucial for the measurement of m,,, especially when
using p, lepton

@ ~300 pb* already collected at <u> = 2 by ATLAS and CMS can provide a new
~1% measurement of p_ W and significantly reduce the associated uncertainty

":.| 600_—‘- LI | L | L I T T 11 | UL | L I T T 11 I LI -l: C 0.02 — ‘ ——— | —— ‘ S | —— | S | —— S ——— ——
.% - ATLAS Online, 13 TeV J.Ldt=‘|46.9 fb! 3 g-o,_ 0.018 f_ ATLAS Simulation Preliminary _f
f: 5005_ 281: :t: Z ;2:' E %‘ 0.016 E_ —— @ 300 pb'1 statistical sensitivity only _E
'Q 400:— Bl 2017:<u>=3738 _: O] 0.014 = @ 300 pb' statistical sensitivity + Recoil Calib sys 3
E C B 2018 <qu>=36.1 o - J
C B Total: su>=337 . - =
3 300f = S 0.012¢ -
g 200 E 5 0.008F- E
& C g o - -
100f = 0.006¢- 3
L . g 0.004 —
0 20 30 40 50 60 70 80 0.002 ;— —;
Mean Number of Interactions per Crossing 0k ‘1 : 1'5 = 2‘ : 2'5 : 3' : 3'5 : al, : 4'5 : 5' —
<{>

@ The expected resolution at <u> = 2 is ~5 GeV
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@ Heavy-flavour-initiated (HFI) production
Introduce differences between Z and W
production

Uncertainties in the pr W modelling

pr W theory uncertainties are
evaluated as the sum of
experimental Z prunc. and

@ HFI production determines a harder boson  theory unc. on the W/Z prratio
pr spectrum, cc - Z and bb - Z are 6% and

3% of Z production, cs - W is ~20% of W

production

@ HFI addressed with charm-quark mass 1.02

Pred. / Data

N 1.04
© ATLAS Simulation

\; 1
c 1.03 s=7 TeV, pp— W*+X, pp— Z+X

IIIIIlIIII

variations, and by decorrelating the PS 1.01F"
ur between light and HFI processes E
\J 0.99F-
108 LB A A A Y L LI T | T LI :
B . i 0.98
- ATLAS W* = v 4 . . C
1.06 \s=7TeV, 4.1 fo’! —— :;ata 7 This procedu_re_|s a 0 972_ ol IR LO PDF W_* — Total Wf
A S Pythia 8 AZ 1 proxy for variations of - m, --- LO PDF W — Total W
- —— Powheg+Pythia 8 AZNLO  the HF matching scales 096:'"""""""""""""""""""
1.04- 1 in the PDFs, see 720 5 10 15 20 25 30 35 40
I 1 arXiv:1605.01733 P [GeV]

1.02 4

u"' [GeV]

Central prediction and uncertainty validated with
the recoll distribution —» when using the data to
constrain the model we end up with compatible
central value and similar uncertainties
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W mass at the LHC

@ A large fraction of W production at the LHC is inititiated by sea quarks

@ The W polarisation at the LHC is more influenced by PDF uncertainties,
Implying larger uncertainties on the lepton pr 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

@ The effect can be isolated by
switching off spin correlations

[pb / GeV]
=)
[ III|

I
T

3 @ O(10-20) MeV effect for mw
3 o2l extracted from the pr lepton
© : distribution
v B —— Spin correlations
- e No spin correlations
S 10058 Large reduction of PDF
5 N1 . | — uncertainties near the
§ /e Jacobian peak
0.995- | | | |
30 35 40 45 50

ATL-PHYS-PUB-2014-015
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pr W uncertainties on pr lepton and mr

pr W uncertainties are similar for mw extracted from pr lepton and from m-+

N .04 . N 1.04—r e .
- - ATLAS Simulation . - - ATLAS Simulation .
._‘CE 1.03 Vs =7 TeV, pp—>W +X _: ._‘CE 1.03F Vs =7 TeV, ppoW X ]
= B Pythia 8 AZ ] = B Pythia 8 AZ ]
E [ —— Powheg + Pythia 8 AZNLO o & [ —— Powheg + Pythia 8 AZNLO ]
s 1.021 DYRES et s 1.021 DYRES —
= [ --- Powheg MiNLO + Pythia 8 o ] = [ --- Powheg MiNLO + Pythia 8 ]
S 101k = S 1ot ]
1= B = . s —
0.99F - 0.99 —
o v P by b b b by b Py Fisaalsrislsigslegsriiliisalaoesp [ 4i5elssgy]
30 32 34 36 38 40 42 44 46 48 50 60 65 70 75 80 8 90 95 100
pL [GeV] m; [GeV]
> [ e L B L B B L B I S I B > N [ i L A e = == i [ o,
= ATLAS Simulation £ Nominal = E 0.12— ATLAS Simulation B Nominal —
; 1s=7 TeV, pp— W+X — Amy=-50 MeV_E ; 0.12_ Is=7 TeV, pp— WX — Amy=50 Mev_Z
3 - Amy=+50 MeV—] 3 c ~ A my=+50 MeV 7
0 - O 0.08— —
T _E © C _
€ E € 0.06 =
2 R A -
— 0.04— —
E 0.02F =
E 1.0t £ 101 o e
2 i = e 2 e e
5 0.99 : : : : : - : : ST 5 0.99F : . . . . : : :
= 30 32 34 36 38 40 42 44 46 48 50 = 60 65 70 75 80 85 90 95 100
p. [GeV] m; [GeV]

- mr IS less sensitive to pr W, but pr W variations
on mr are less distinguishable from my variations
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