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Run 1measurements of vector boson plus jets

Covered by Sofia C. https://indico.cern.ch/event/366801/contribution/232

Inclusive measurements of vector bosons plus jets

Analysis Goal Reference

W+jets Validation ofMonte Carlo event generators Eur. Phys. J. C (2015) 75:82

Z+jets Validation ofMonte Carlo event generators JHEP 07 (2013) 032

Rjets Validation ofMonte Carlo event generators Eur. Phys. J. C (2014) 74: 3168

Highlighted by Sofia C., main focus of this talk

Measurements of vector bosons plus heavy flavours

Analysis Goal Reference

W+charm Constrain strange–quark PDF JHEP 05 (2014) 068

W+b-jets Validation ofMonte Carlo event generators JHEP 06 (2013) 084

Z+b–jets Validation ofMonte Carlo event generators JHEP 10 (2014) 141
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W+charm analysis: overview

MeasureW+single–charm production

Sensitivity to strange–quark PDF, testing
suppressed/unsuppressed scenarios

Suppressed strange PDFs: rs = 0.5 × [s(x) + s(x)]/d(x) ∼ 0.5

Unsuppressed strange PDFs: rs = 0.5 × [s(x) + s(x)]/d(x) ∼ 1

Exploiting the charge correlation between theWboson and the
charm–quark for suppressing the backgrounds

Presenting Opposite Sign (OS) subtracting the Same Sign (SS)

W+charm cross section

Using two analysis strategies

Soft–lepton tagging: identify inclusively semi–leptonic decays of

charmed hadrons

C–hadron reconstruction: reconstruct the decaymodes

D+
→ K−π+π+ , D∗+ → D0π+ (D0

→ K−π+), D0
→ K−π+π0 ,

D0
→ K−π+π−π+ and charge conjugates

Dominant systematic uncertainties

Cross section Syst. error type Syst. error [%]

σ(W+D) Tracking efficiency 2.1

Branching ratio 2.1

σ(W+D∗) Tracking efficiency 2.2

Signal modeling 1.9

σ(W+c–jets) Background 3

c–hadrons decays 2.9 ) [GeV]-m(D
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W+charm fiducial cross sections
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PDF set Data Strange–quark

CT10 DIS+Collider (no LHC) -

MSTW2008 DIS+Collider (no LHC) Suppressed

NNPDF2.3 DIS+Collider (no LHC) Suppressed

HERAPDF1.5 HERA Suppressed

ATLAS-epWZ12 HERA+2010W/Z ATLAS data Unsuppressed

NNPDF2.3coll DIS+Collider Enhanced
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W+charm cross sections

c-jet)-(Wfid
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Physics motivations for the σOS−SS
fid

(W+c–jet)/σOS−SS
fid

(W−c–jet) asymmetry

Production modes induced by down–quark in the initial state

Intrinsic asymmetry in s(x) − s(x) as favored by neutrino data (taken into account NNPDF2.3 and
MSTW2008)

Distribution of lepton |η| is well predicted (PDF sets differ in normalisation)
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Constraint on the strange quark PDF
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Figure 17: Ratio of d- and u-quark distributions, d/u, presented as functions of x at the scales
Q2 = 1.9 GeV2 (left) and Q2 = m2

W (right). The results of the 13-parameter fixed-s fit to the
HERA data and muon asymmetry measurements (light shaded band), and to HERA only (dark
hatched band) are compared. The experimental PDF uncertainties are shown. In the bottom
panels the distributions are normalized to one for a direct comparison of the uncertainties. The
change of the d/u ratio with respect to the result of the HERA-only fit is represented by a solid
line.
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Figure 18: Antistrange-quark distribution s(x, Q) (top) and the ratio Rs(x, Q) (bottom), ob-
tained in the NLO QCD analysis of HERA and CMS data, shown as functions of x at the
scale Q2 = 1.9 GeV2. The full band represents the total uncertainty. The individual contri-
butions from the experimental, model, and parametrization uncertainties are represented by
the bands of different shades. For comparison, the NLO result of the ATLAS analysis [67] of
rs = 0.5(s + s)/d using inclusive W-and Z-boson production, is presented by a closed symbol.
Only the experimental uncertainty from ATLAS is available and is shown by the vertical error
bar.

CMS ref. Phys.Rev. D90 (2014) 3, 032004

CMS data favor a suppressed strange–quark PDF, within uncertainties still consistent with

ATLAS data

QCD analyses using high statisticsW/Z andW+charm samples will help to clarify the current

picture
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Overview of theW/Z+b–jets analyses

The bulk of the Z+b(b) rate is driven by gluon–gluon (4 flavours
scheme) bottom–gluon (5 flavours scheme) scattering

Gluon splitting is relevant at small bb opening angles

A leading production mode forW+bb andW+b is provided by

gluons splitting

Two strategies for the backgrounds estimation

Data drivenmethods orMC predictions for the non–V+jets

backgrounds

Fit to a neural–network (NN) distribution for the V+light–jets and

V+charm backgrounds

Dominant systematic uncertainties

Cross section Syst. error type Syst. error [%]

σ(W+ b) (Njets = 1) jet energy 21

MCmodeling 8

σ(W+ b) (Njets = 2) jet energy 16

MCmodeling 14

σ(Z+ b) b–jets eff. 3.4

NN output shape 4.8

σ(Z+ bb) b–jets eff. 9.8

NN output shape 4.8

6.2 theoretical description of b–jet production in association with a Z boson 129
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(a) Z+ b 4FNS diagram (b) Z+ b 5FNS diagram
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` `

(c) Z+ bb qq initial state (d) Z+ bb gg initial state

Figure 65: Representative Feynman diagrams for Z+ b (top) and Z+ bb (bottom) produc-
tion including the leading tree–level diagram for Z+ b production in the 4FNS
(a) and 5FNS (b) as described in the text. Notice that the diagram in (a) is the
same as in (d) but with the latter producing two b–quarks inside the acceptance.

ment can be defined in the massive b–quark approximation or in the simplified
assumption of massless quark. On the other hand, in the 5FNS the b–quark parton
distribution funtion is calculated from the gluon density DGLAP evolution above
the b–quark mass threshold and describing the b–quark as a massless parton (zero
mass variable flavor number scheme, ZM–VFN) or taking the b–quark as massive
(general mass variable flavor number scheme, GM–VFN) but generating it only
above the b–quark mass scale. Correspondingly, the b–quark can be taken as mass-
less or massive in the QCD matrix element calculation. An example of Feynman
diagrams for the Z+ b production in 5FNS is presented in Fig. 65 (b). The produc-
tion of b–quark pair in association with a Z boson is dominated by two distinct
production modes shown in Fig. 65 (c-d) with quark pairs qq or gluon pairs gg in
the initial state where, in particular, the qq initial state includes bb if the 5FNS is

6.2 theoretical description of b–jet production in association with a Z boson 133
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Figure 67: Feynman diagrams for the real correction to the born level Z+ b production in
5FNS (a) and gluon splitting (b).

• 266 real; includes contributions to the same final states produced by the
gb!Zbg but with other initial states;

• 263 LO; provides events corresponding to the processes gg ! Zbb (Fig. 65

(d)) and qq ! Zbb (Fig. 67 (b)) where one b–quark is outside the acceptance
or the two b–quarks are merged into a single parton jet; the b–quark mass
effects are retained in this calculation; typically b–quarks merged into a single
parton jet are expected to be produced via gluon splitting (Fig. 67 (b));

• 50 LO; generates the same subprocess as for 263 LO but populating the phase
space with two b–quarks well separated and both inside the acceptance; as
for the previous process, the b–quark mass effects are taken into account in
the QCD matrix element.

In recent years a new calculation has been publishes for the Z+ b and Z+ bb

final states [123]. This is made available through the amc@nlo framework, where
the NLO event generator can be easily interfaced with parton shower and particle
level MC generators like Herwig, Herwig++, Pythia or Pythia8.

For this analysis two next–to–leading order QCD calculations have been ob-
tained with the amc@nlo generator interfaced with Herwig++ for parton shower,
hadronization and for multiple parton interactions.

A next–to–leading order QCD prediction in 5FNS is obtained in the massless
b–quark approximation for the matrix element calculation, while retaining the b–
quark mass in the parton–shower; the QCD matrix element is calculated with the
Mstw2008 NLO PDF set [28]. This prediction is based on a NLO matrix element
calculation for the production of a Z boson in association with one b–quark; there-
fore it is accurate at NLO for the Z+ b observables, whereas it is effectively only
leading order for the Z+ bb cross section.

In the amc@nlo framework a NLO calculation in 4FNS with massive b–quarks
have been also performed using the the Mstw2008 NLO PDF with four active
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W/Z+b–jets theoretical predictions

Program Max number of partons at Cross H.f. scheme

NLO LO section

(α
Njets+1
s ) (α

Njets

s )

ALPGEN - 5 σ(W/Z+≥ 1 b), σ(W/Z+≥ 2 b) 4FNS

SHERPA - 4 σ(Z+≥ 1 b), σ(Z+≥ 2 b) 5FNS

MCFM (Z+b) 1 2 σ(Z+≥ 1 b) 5FNS

MCFM (Z+bb) 2 3 σ(Z+≥ 2 b) 5FNS

MCFM (W+b) 2 3 σ(W+≥ 1 b), σ(W+≥ 2 b) 4FNS+5FNS

aMC@NLO 1 2 σ(Z+≥ 1 b) 5FNS

aMC@NLO 2 3 σ(Z+≥ 2 b) 4FNS

PowHeg 2 3 σ(W+≥ 1 b), σ(W+≥ 2 b) 4FNS

MCFMpredictions are corrected for non–perturbative effects, all other calculations are at

particle level

ALPGEN prediction for σ(W+≥ 1/2 b) is normalised according to the NNLO k–factor (∼1.2) for

inclusiveW cross section
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FiducialW+b–jets cross sections

1 jet 2 jet 1+2 jet
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Electron Channel
Combined Electron and Muon
Muon Channel
MCFM 4FNS + 5FNS
Powheg + Pythia
ALPGEN + Herwig (norm. to NNLO inclusive W)

ATLAS  = 7 TeVsData 2011, 

-1
 L dt = 4.6 fb∫

Contribution fromDPI, 35%–20%depending on the jet multiplicity, is relevant for the fiducial cross

section interpretation
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W+b–jets differential cross sections
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W+b–jets + single top differential cross sections

b–jet pT b–jet pT
W+ ≥ 1 b–jet, Njets = 1 W+ ≥ 1 b–jet, Njets = 2
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Fiducial Z+b–jets cross sections

σ(Z+≥ 1 b) σ(Z+≥ 2 b)

(Zb) [pb]σ

0 1 2 3 4 5 6

 (stat.)-1 = 7 TeV, 4.6 fbsData 

syst.)⊕ (stat.-1 = 7 TeV, 4.6 fbsData 
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 MSTW2008⊗MCFM 
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 NNPDF2.3⊗MCFM 
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NLOpredictions provide a different description of the data depending on the b–jet multiplicity

Very interesting to test how this feature evolves at at 13 TeV

σ(Zbb)/σ(Zb)

Data MCFM aMC@NLO (4FNS) aMC@NLO (5FNS) Sherpa Alpgen

0.108 0.078 0.143 0.067 0.112 0.123
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Z+b differential cross sections

b–jet pT (Z+ ≥ 1 b–jet) ∆φ(Z, b) (Z+ ≥ 1 b–jet)
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Z+bb differential cross sections

m(b,b) (Z+ ≥ 2 b–jet) ∆R(b, b) (Z+ ≥ 2 b–jet)
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Summary

Summary of Run 1 results and Run 2 preparation

Comprehensive set of particle level cross section measurements have been provided

All results are based on 7 TeV data

Ongoing analyses of 8 TeV data expected to converge by the end of this year

Available data have been used to define the baseline generators to be used in Run 2

Many improvements are foreseen

New generators: MEPS@NLO, automated NLO, ..

New tunings, Monte Carlo settings

Analyses wish list for Run 2

Fast measurements for validating the newMonte Carlo generators at 13 TeV

Repeat all Run 1 analyses with the full Run 2 dataset

Study in detail the gluon splitting process g→ bb

More ”exotic” measurements..
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Backup
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Overview of inclusive V+jets analyses

Comprehensive test ofMonte Carlo event generators

Plenty of differential cross sections measurements inW+jets and

Z+jets events: ∼50 distributions were provided

Measuring also Rjets = σ(W+ jets)/σ(Z+ jets)

Dominant systematic uncertainties

Cross section Njets ≥ 1 Njets ≥ 4
σ(W+ jets) jet energy (8.5%) jet energy (18%)

Multijet background (1.5%) tt background (14.5%)

σ(Z+ jets) jet energy (7.5%) jet energy (16.5%)

Rjets jet energy (2.5%) jet energy (6.4%)

Emiss
T

(1.4%) tt background (13%)

Jet energy calibration is the dominant systematic uncertainty for
bothW+jets and Z+jets measurements

Strongly correlated acrossW+jets and Z+jets analyses; reduced in Rjets

The uncertainty on the tt data driven estimation limits the

experimental precision at high jet multiplicity
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V+jets theory predictions

Program Max number of partons at Parton/particle

approx. NNLO NLO LO level

(α
Njets+2
s ) (α

Njets+1
s ) (α

Njets

s )

W+jets predictions

LoopSim 1 2 3 parton level with corrections

BlackHat+SHERPA - 5 6 parton level with corrections

BlackHat+SHERPA (excl. sums) 1 2 3 parton level with corrections

HEJ All orders resummation parton level

MEPS@NLO - 2 4 particle level

ALPGEN - - 5 particle level

SHERPA - - 4 particle level

Z+jets predictions

BlackHat+SHERPA - 4 5 parton level with corrections

ALPGEN - - 5 particle level

SHERPA - - 4 particle level
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W/Z+jets results: transverse momentum of the leading jet

Z+jets W+jets

 [1
/G

eV
]

je
t

T
/d

p
σ

) 
d

- l
+  l

→* γ
Z

/
σ

(1
/

-710

-610

-510

-410

-310

-210

-110

 = 7 TeV)sData 2011 (
ALPGEN
SHERPA
MC@NLO

 + SHERPAATHLACKB

ATLAS )µ 1 jet (l=e,≥)+ -l+ l→*(γZ/
-1

 L dt = 4.6 fb∫
 jets, R = 0.4tanti-k

| < 4.4
jet

 > 30 GeV, |yjet

T
p

100 200 300 400 500 600 700

N
LO

 / 
D

at
a

0.6
0.8

1
1.2
1.4  + SHERPAATHLACKB

100 200 300 400 500 600 700

M
C

 / 
D

at
a

0.6
0.8

1
1.2
1.4 ALPGEN

 (leading jet) [GeV]jet
T

p
100 200 300 400 500 600 700

M
C

 / 
D

at
a

0.6
0.8

1
1.2
1.4 SHERPA

 (leading jet) [GeV]j
T

p
100 200 300 400 500 600 700

 [1
/G

eV
]

j T
/d

p
2j
≥

W
+

σd

-410

-310

-210

-110

1

10

210
ATLAS

 jets, R=0.4,tanti-k
| < 4.4j > 30 GeV, |yj

T
p
Scaled Predictions

 2 jet≥) + ν l→W(
Data,

-1 = 7 TeV, 4.6 fbs
+SHERPAATHLACKB

HEJ
ALPGEN
SHERPA
MEPS@NLO  (leading jet) [GeV]j

T
p

100 200 300 400 500 600 700

Pr
ed

. /
 D

at
a

0.6
0.8

1
1.2
1.4  +SHERPAATHLACKB

ATLAS

 (leading jet) [GeV]j
T

p
100 200 300 400 500 600 700

Pr
ed

. /
 D

at
a

0.6
0.8

1
1.2
1.4  HEJ

 (leading jet) [GeV]j
T

p
100 200 300 400 500 600 700

Pr
ed

. /
 D

at
a

0.6
0.8

1
1.2
1.4  ALPGEN

 (leading jet) [GeV]j
T

p
100 200 300 400 500 600 700

Pr
ed

. /
 D

at
a

0.6
0.8

1
1.2
1.4  

 

SHERPA

MEPS@NLO

19 / 28 Nicola Orlando Measurements of vector boson plus heavy flavours in ATLAS



W+charmmeasurements W/Z+b–jets measurements Extra slides

W/Z+jets results: invariant mass of the leading jets

Z+jets W+jets
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Inclusive jet multiplicity

Z+jets Rjets = σ(W+ jets)/σ(Z+ jets)
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W/Z+jets

Overall very good description of the data

Jet multiplicity ratios are very well described too

Potentially useful for constraining the backgrounds with very early data

Jet pT has some features

Inclusive jet multiplicity leading–jet pT (Z+jets) leading–jet pT (W+jets)
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W/Z+jets: di–jet system

Angular correlation and invariant mass of the di–jet system are useful tools for constraining

the backgrounds in searches

The description of the data is not fully satisfactory

Would be interesting to check the effect of theMC tunes such data–MC comparisons (not explored in

Run 1)
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W/Z+jets: di–jet system

Angular correlation and invariant mass of the di–jet system are useful tools for constraining

the backgrounds in searches
The description of the data is not fully satisfactory

Would be interesting to check the effect of theMC tunes such data–MC comparisons (not explored in

Run 1)
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Z+jj production (VBF region)

Still the only 8TeV V+jets measurements available from ATLAS

Useful for validation of newMonte Carlo configurations
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Table 1. Summary of the selection criteria that define the fiducial regions. ‘Interval jets’ refer to
the selection criteria applied to the jets that lie in the rapidity interval bounded by the dijet system.
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where ~p i

T

is the transverse momentum vector of object i, and `
1

and `
2

label the two

leptons that define the Z-boson candidate.

The tight cut on the dilepton invariant mass is chosen to suppress backgrounds from events

that do not contain a Z-boson. The high-p
T

requirement on the two leading jets and the

veto on additional jet activity preferentially suppress strong Zjj production with respect

to electroweak Zjj production. The dijet invariant mass criterion removes a large fraction

of diboson events. The pbalance
T

and p``
T

requirements reduce the impact of those events con-

taining jets that originate from pileup interactions or multiple parton interactions. Events

with poorly measured jets are also removed by the pbalance
T

requirement.

The control region criteria are chosen in order to suppress the electroweak Zjj contri-

bution, allowing the theoretical modelling of strong Zjj production to be evaluated. The

selection criteria are similar to the search region, with two modifications: (i) at least one

additional jet with p
T

> 25 GeV must be present in the rapidity interval between the two

leading jets. (ii) the transverse-momentum balancing variable is redefined to use the two

leptons, the two highest transverse momentum jets, and the highest transverse momentum

jet in the rapidity interval bounded by the two leading jets. This variable, pbalance,3
T

, is

defined in an analogous way to the pbalance
T

variable in eq. (6.2), but incorporating the

additional jet in the numerator and denominator.

The remaining three fiducial regions are chosen with fewer selection criteria, in order

to study inclusive Zjj production in simpler topologies. The baseline region is defined as
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PDFs parametrization

8.1 Details of the QCD analysis 23

strange-quark distribution in the kinematic region of x ⇡ 0.012 at the scale Q2 = m2
W. The cross

sections for this process were recently measured by the CMS Collaboration [18] at a center-of
mass energy

p
s = 7 TeV with a total integrated luminosity of 5 fb�1. The results of the QCD

analysis presented here use the absolute differential cross sections of W + charm production,
measured in bins of the pseudorapidity of the lepton from the W decay, for transverse momenta
larger than 35 GeV.

8.1 Details of the QCD analysis

The NLO QCD analysis is based on the inclusive DIS data [19] from HERA, measurements of
the muon charge asymmetry in W production for pT > 25 GeV, and measurements of associ-
ated W + charm production [18]. The treatment of experimental uncertainties for the HERA
data follows the prescription of HERAPDF1.0 [19]. The correlations of the experimental uncer-
tainties for the muon charge asymmetry and W + charm data are taken into account.

The theory predictions for the muon charge asymmetry and W + charm production are calcu-
lated at NLO by using the MCFM program [31, 32], which is interfaced to APPLGRID [68].

The open source QCD fit framework for PDF determination HERAFITTER [19, 69, 70] is used
and the partons are evolved by using the QCDNUM program [71]. The TR’ [2, 72] general mass
variable flavor number scheme is used for the treatment of heavy-quark contributions with the
following conditions: (i) heavy-quark masses are chosen as mc = 1.4 GeV and mb = 4.75 GeV,
(ii) renormalization and factorization scales are set to µr = µ f = Q, and (iii) the strong coupling
constant is set to as(mZ) = 0.1176.

The Q2 range of HERA data is restricted to Q2 � Q2
min = 3.5 GeV2 to assure the applicability

of pQCD over the kinematic range of the fit. The procedure for the determination of the PDFs
follows the approach used in the HERAPDF1.0 QCD fit [19].

The following independent combinations of parton distributions are chosen in the fit procedure
at the initial scale of the QCD evolution Q2

0 = 1.9 GeV2: xuv(x), xdv(x), xg(x) and xU(x), xD(x)
where xU(x) = xu(x), xD(x) = xd(x) + xs(x). At Q0, the parton distributions are represented
by

xuv(x) = Auv xBuv (1 � x)Cuv (1 + Euv x2), (8)

xdv(x) = Adv xBdv (1 � x)Cdv , (9)

xU(x) = AU xBU (1 � x)CU, (10)

xD(x) = AD xBD (1 � x)CD, (11)

xg(x) = Ag xBg (1 � x)Cg + A0
g xB0

g (1 � x)C0
g . (12)

The normalization parameters Auv , Adv , Ag are determined by the QCD sum rules, the B
parameter is responsible for small-x behavior of the PDFs, and the parameter C describes the
shape of the distribution as x ! 1. A flexible form for the gluon distribution is adopted here,
where the choice of C0

g = 25 is motivated by the approach of the MSTW group [2, 72].

Two types of analyses are made. The first is denoted as “fixed-s fit” and is performed by
fitting 13 parameters in Eqs. (8-12) to analyze the impact of the muon charge asymmetry mea-
surements on the valence-quark distributions. Additional constraints BU = BD and AU =
AD(1 � fs) are imposed with fs being the strangeness fraction, fs = s/(d + s), which is fixed
to fs = 0.31 ± 0.08 as in Ref. [2].

The second analysis is denoted as “free-s fit”, in which the interplay between the muon charge

24 8 The QCD analysis of HERA and CMS results of W-boson production

asymmetry measurements and W + charm production data is analyzed. The strange-quark
distribution is determined by fitting 15 parameters in Eqs. (8-12). Here, instead of Eq. (11) d
and s are fitted separately by using the functional forms

xd(x) = Ad xBd (1 � x)Cd , (13)

xs(x) = As xBs (1 � x)Cs . (14)

Additional constraints Au = Ad and Bu = Bd are applied to ensure the same normalization for
u and d densities at x ! 0. The strange-antiquark parameter Bs is set equal to Bd, while As
and Cs are treated as free parameters of the fit, assuming xs = xs. This parametrization cannot
be applied to HERA DIS data alone, because those data do not have sufficient sensitivity to the
strange-quark distribution.

8.2 The PDF uncertainties

The PDF uncertainties are estimated according to the general approach of HERAPDF1.0 [19]
in which experimental, model, and parametrization uncertainties are taken into account. A
tolerance criterion of Dc2 = 1 is adopted for defining the experimental uncertainties that origi-
nate from the measurements included in the analysis. Model uncertainties arise from the vari-
ations in the values assumed for the heavy-quark masses mb, mc with 4.3  mb  5 GeV,
1.35  mc  1.65 GeV, and the value of Q2

min imposed on the HERA data, which is varied
in the interval 2.5  Q2

min  5.0 GeV2. The parametrization uncertainty is estimated simi-
larly to the HERAPDF1.0 procedure: for all parton densities, additional parameters are added
one by one in the functional form of the parametrizations such that Eqs. (8-11) are general-
ized to A xB (1 � x)C(1 + Dx) or A xB (1 � x)C (1 + Dx + Ex2). In the free-s fit, in addi-
tion, the parameters Bs and Bd are decoupled. Furthermore, the starting scale is varied within
1.5  Q2

0  2.5 GeV2. The parametrization uncertainty is constructed as an envelope built from
the maximal differences between the PDFs resulting from all the parametrization variations
and the central fit at each x value. The total PDF uncertainty is obtained by adding experi-
mental, model, and parametrization uncertainties in quadrature. In the following, the quoted
uncertainties correspond to 68% CL.

8.3 Results of the QCD analysis

The muon charge asymmetry measurements, together with HERA DIS cross section data, im-
prove the precision of the valence quarks over the entire x range in the fixed-s fit. This is
illustrated in Fig. 11, where the u and d valence-quark distributions are shown at the scale rel-
evant for the W-boson production, Q2 = m2

W. The results at Q2 = 1.9 GeV2 can be found in
supplemental material. A change in the shapes of the light-quark distributions within the total
uncertainties is observed. The details of the effect on the experimental PDF uncertainty of u
valence, d valence, and d/u distributions are also given in supplemental material.

In the next step of the analysis, the CMS W + charm measurements are used together with the
HERA DIS data and the CMS muon charge asymmetry. Since both CMS W-boson production
measurements are sensitive to the strange-quark distribution, a free-s fit can be performed. The
advantage of including these two CMS data sets in the 15-parameter fit occurs because the d-
quark distribution is significantly constrained by the muon charge asymmetry data, while the
strange-quark distribution is directly probed by the associated W+ charm production measure-
ments. In the free-s fit, the strange-quark distribution s(x, Q2), and the strange-quark fraction
Rs(x, Q2) = (s + s)/(u + d) are determined. The global and partial c2 values for each data set
are listed in Table 5, where the c2 values illustrate a general agreement among all the data sets.
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