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" Introduction

Z- and W-boson production at LHC

theoretically well understood processes with clean signatures and high rates

- used to calibrate the detector response in experiments

- probe different aspects of QCD calculations

— test of perturbative QCD (e.g. EW parameters, play a key role in understanding
backgrounds for various processes, etc)

— tune Monte Carlo generators

- provide constraints to Parton Distribution Functions (PDFs)
- probe different flavour combinations
- potential to improve quark PDFs

Photon measurements: sensitivity to gluon PDF, tests of pQCD
(not covered in this talk)
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" Introduction

Precise knowledge of the PDFs are essential for predictions at the LHC
— one of main theory uncertainties in Higgs production, M measurement, etc.

Z and W production at LH P x L
and p oduction a C o E, @ "1~ QCD factorisation:
- probe different flavour combinations G A
— potential to improve quark PDFs E, S~ o= o0 ® PDF
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— U and d quarks dominate for W, all flavours contribute to Z
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CMS

i

- CMS DY Data Sensitive to PDFs (from Run 1)

Main published CMS Vector Boson measurements sensitive to PDFs:
(older sets with 36 pb™! are not shown here)

- Differential and double-differential Drell-Yan cross sections at Vs = 8 TeV

(measurement at 7 TeV [EEEFEEIEEN)

- 7 TeV data included into NNPDF3.0, MMHT14

- Z boson differential cross section in g, and y at Vs = 8 TeV

« W + charm production in pp collisions at Vs = 7 TeV

- included into NNPDF3.0

- Electron charge asymmetry in inclusive W production at Vs = 7 TeV
- included into CT14, NNPDF3.0

« Muon charge asymmetry in pp—»WX production at Vs = 7 TeV and an improved
determination of light parton distribution functions

- included into CT14, NNPDF3.0, ABMP15

- some of data sets already substituted with newer measurements (next slide)
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Recent CMS DY Measurements (8 and 13 TeV)

- Differential cross section and charge asymmetry for pp - WX production at

Vs = 8 TeV

« Z + charm production in pp collisions at Vs = 8 TeV

- W boson production cross section in association with two b jets at Vs = 8 TeV

« Inclusive W and Z boson production cross sections at Vs = 13 TeV

- Inclusive and differential Z boson production cross sections (do/dy, do/dp.)
at Vs = 13 TeV CMS PAS SMP-15-011

- Differential Drell-Yan cross section (do/dm) in pp collisions Vs=13 TeV

- Transverse momentum spectra of weak vector bosons (do/dp_) at Vs = 8 TeV

arXiv:1606.05864

« Differential cross section for the production of a W (—»uv) boson in association with jets

atvs — 13 TeV

- Differential cross section of W (—»uv) boson in association with jets at Vs = 8 TeV

CMS PAS SMP-14-023
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CMS W muon charge asymmetry at 8 TeV

W lepton charge asymmetry at LHC

- overall excess of W™ over W™ due to presents of two valence u quarks in the proton
— probe valence quarks and PDFs rations (u , d , d/u, d /u , dbar/ubar):

_W+—WN uv_dv
- WHW u,+d +2u,,,

at LO: Al

CMS W muon asymmetry measurement at Vs = 8 TeV with [L = 18.8 fb™*

«10° CMS, L-18.8fb " at Vs = 8 TeV
>~ T T T T T T T T
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- separate W™ and W
distributions provided

- compared with
theory predictions
(FEWZ) at NNLO using
different PDFs

— good agreement
predictions obtained
with all PDFs

(systematic correlations
provided in the paper)

R. Placakyté

CMS W* and W distributions
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'CMS W muon charge asymmetry at 8 TeV

Muon charge asymmetry measurement as a function of muon pseudorapidity

- compared with theory predictions (FEWZ) at NNLO using different PDFs

CMS, L=18.8fb"at {s=8TeV CMS,L=188fb"at {s=8TeV
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A NNLO QCD analysis performed with the CMS W muon asymmetry data
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QCD analysis settings

QCD analysis at NNLO performed using xFitter www.xfitter.org

— parton evolution in Q? via DGLAP equations as implemented in QCDNUM
Comp.Phys.Com.182:490,2011

Data: HERA I+l combined inclusive DIS data Epc 75 (2015) 580
- uncertainty treatment follows HERAPDF1.0 prescription

CMS muon asymmetry data (P'>25 GeV)

- systematic correlations included via covariance matrix

Theory: predictions from APPLGRID files obtained with MCFM (NLO) and NNLO
corrections obtained with k-factors (FEWZ)

Starting scale Q* = 1.9 GeV?
m_=1.43 GeV, m_= 4.5 GeV

heavy flavour scheme: general mass variable flavour scheme RT
scale p ’=p *=Q’

strong coupling a,=0.118

— variation of parameters later considered in the PDF uncertainties

R. Placakyté QCD@LHC, Zurich, 22-26 August 2016


mailto:QCD@LHC

QCD analysis settings

PDF parametrisation at the starting scale (Q° =1.9 GeV?):

Optimal parametrisation form determined through a parametrisation scan (adding
additional parameters one-by-one to the basic form until %? is not improving anymore)

“13p” fit:  xg(x) = Agx®s (1 —x)% (1+ Dgx),
Ay xBuo (1= x)% (14 E, x%),

(%)
(x) =
xd,(x) = Advadz, (1— x)%a,
(x)
(x)

() = Aght(-x)T(A+Ead), et
xD(x) = AsxPr(1-x)%p, C: x— 1 shape
Additional constraints applied: xU=XU(+Xxc)
By = Bp xD=xd+x5(+xb)
Ay = Ap(l1—£) xs=f_xD with
f.=xs/(xd+xs)=0.31+0.08 (as determined in

)

- variation of parametrisation (addition of parameters) later considered in the PDF uncertainties

R. Placakyté QCD@LHC, Zurich, 22-26 August 2016 10
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Results of QCD analysis

Resulting x> obtained in the PDF fit with CMS W muon asymmetry data:

Data sets Partial x2/ Nap
HERA1+2 neutral current, e™p, E, = 920 GeV 440/377
HERA1+2 neutral current, e™p, E, = 820 GeV 69/70
HERA1+2 neutral current, e™p, E, = 575 GeV 214 /254
HERA1+2 neutral current, e™p, E, = 460 GeV 210/204
HERAT+2 neutral current, e p, E, = 920 GeV 218/159
HERA1+2 charged current, e"p, E, = 920 GeV 46/39
HERAT1+2 charged current, e "p, E, = 920 GeV 50/42
CMS W= muon charge asymmetry A(11), /s = 8 TeV 3/11
Correlated x? 141
Global x? /1405 1391/1143

all correlated y° part is from the HERA data

— good x* observed for CMS data, higher values for HERA data are consistent with
the results obtained in HERAPDF2.0 analysis Epjc 75 (2015) 580

R. Placakyté QCD@LHC, Zurich, 22-26 August 2016
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Results of QCD analysis

arXiv:1603.01803

CMS W muon charge asymmetry measurement: QCD analysis at NNLO

with HERA |+Il combined DIS data EPJC 75 (2015) 580

CMS NNLO HERAPDF method 0.6 CMS NNLO HERAPDF method
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o C =] HERA I+l DIS =My o =] HERA I+l DIS =My
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Fract. uncert.
Fract. uncert.

error bands represent total uncertainties, (experimental, model and parametrisation uncertainties)

Change of u and d valence quark PDF shape and improved constraints
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CMS Z+charm measurement at 8 TeV

New measurement of the production cross section of a Z boson and at least
one jet originating from a c-quark

— can address question of the intrinsic charm quark component in the proton

8 TeV data with |L =19.7 0.5 fb*
- Z-boson candidates are identified through their decay into a pair of electrons or muons

- heavy flavour jets in the kinematic region p*_ > 25 GeV, [W*| < 2.5

Measured the inclusive Z+c cross section and Z+c/Z+b cross sections ratio:

oclpp 2 Z+c+X)xB(Z—=(T(7) = 86+0.5 (stat.) £0.7 (syst.) pb

in agreement with prediction (MadGraph, LO): 8.14 + 0.03 (stat) == 0.25 (PDF) pb
(MADGRAPH5 AMC@NLO): 9.47 + 0.04 (stat) £ 0.15 (PDF) 4 0.50 (scales)

clpp = Z+c+X)/olpp—=2Z+b+X) = 20+0.2 (stat.) £ 0.2 (syst.)

prediction (MadGraph): 1.805 =+ 0.006 (stat) + 0.004 (PDF)
(MADGRAPH5 AMC@NLO): 1.87 + 0.07 (stat) = 0.50 (scales)

R. Placakyté QCD@LHC, Zurich, 22-26 August 2016 13
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' CMS W+bb measurement at 8 TeV

Extension of earlier W+bb measurement (with muons) with both, muon and electron,
W decay channels and |L = 19.8 fb™

- analysis with p'_> 30 GeV, || < 2.1 and

b-tagged jets p;>25 GeV and |n|<2.4 CMS Preliminary 19.8 fb" (8 TeV)
T | 1 1 T T T T T T
Total Uncertainty
Comparison with predictions (hadron Experimental-Only Uncertainty CMS 2012
|eve|) inCIUding the eStimatEd Statistical Uncertainty 0.69+0.02 (Stat)i_o.‘” (SyS)iOIUT (th) pb
hadron!zatlon and doublle parton «MCFM (x Hadronization)
scattering (DPS) corrections 0.51= 0.02,, + 0.06,; pb
- agree within 1 standard deviation
mMG+Py6 5F -
0.51% 0.03,,. pb
AMG+Py6 4F —tc—
0.49 + 0.02,,, + 0.06 . pb
. . MG+Py8 4F ————
— useful to test PDFs with different At 3’_03PDFi 0.06,.. pb
number of flavours
| . . . . | . . . .
0 0.5 1

G(W+bF) [pb]
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CMS inclusive W and Z production at 13 TeV

New 13 TeV measurement of W and Z boson cross sections with [L =43 + 2 pb!

- measurement performed in the electron and muon decay channels (dilepton mass
range of 60 to 120 GeV)

— inclusive cross sections and ratios

CMS Ppreliminary 43 pb' (13 TeV)
I I I | I I I | I | I I | I I
He4 Observation, uncertainty (exp., exp. @ theory) Theory: FEWZ (NNLO), NNPDF3.0
Uncertainty (lumi) Observation: NNPDF3.0
_______ . .k . 1370+50,,£230, 550 pb
Wty H—e— TT970 s S0 =230, 2550, p
+ + +
e
19950+ 70__ £ 360_,_, = 960 b
Wl HH—e—H 19700+ 528050 P
- 191010, £40_ . =90 b
Z-I1 H—— i S
_______ e e e ool 1323£0010_,+0021_
WIvIW =Ty —— 1354 +0.011 e
777777777777777777 -+ L  59+004_ 010
+ + + tat t
W=l'v 21 F—— 6.06 +0.05 sys
- - 450+£0.03__+£0.08
Wolv izl —— 448 + 0025'&“ syst
. . 1, 1046+ 006_ +016__
W—lv / Z—>I|I —— 10[55 L 007 sysl|
L | L | L | | | L | L

ratio (exp./th.) of total cross sections and ratios
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Dominant systematic uncertainty: luminosity

W and Z cross sections at 13 TeV

CMS PAS SMP-15-004

CMS Preliminary 43pb'(13Tev)  CMS Preliminary 43pb' (13TeV)  CMS Preliminary 43 pb’ (13 TeV)
T T T T T T T T T LI I L L L I L D L L | — 1 T [ 1 1 1 T 1 r T 1T — 1 1 T T T 1 T
| Observation Theory: FEWZ (NNLO) | Observation Theory: FEWZ (NNLO) | Observation Theory: FEWZ (NNLO)
Uncertainty (exp., exp. & lumi) Observation: NNPDF3.0 Uncertainty (exp., exp. ® lumi) Observation: NNPDF3.0 Uncertainty (exp., exp. ® lumi) Observation: NNPDF3.0
NNPDF3.0 NNPDFg&CD | NNPDF3.0
11330722 pb —et—H + 837075 pb _ 187070 ph ——-
CT14 W CT14 W CcT14 Z
11500°2 pb ——— 8520750 pb e 1900737 pb 7
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115807 pb ——+ 859077 pb —r—H 19207 pb e
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11730750 pb F——H 85507 pb =+ 192072 pb t——H
HERAPDF15 HERAPDF15 HERAPDF15
1178075 ph A 870077 pb H—— 1930’ pb H———
(inner urllcer\ﬂimy: PDF only) | | (|nner|uncena\nLy POF only) | ‘ | | (inner uncensr\nty PDF only) ‘ | | ‘
1 L L L L 1 Il L L 1 L L L il il 1 1 L 1 1 1 L L L L 1 1 1 L L 1 L 1 1 1 1 L L L L 1 1 1 1 L
10000 11000 12000 ot 7500 8000 8500 9000 . ?500 1700 1800 1900 2000 t2;] 00
O O

Compared with FEWZ (NNLO QCD and NLO order EW calculations) with various PDFs:

NNPDF3.0  CT14  MMHT2014 ABMI2LHC HERAPDFI15
olol [pb] 11330132 1150030 115801350 11730 13 117801320
oot [pb] 83701310 8520133 85901170 8550 3" 8700197
ol [pb] 19700135 20020128 20170130 20280135 20480155
o [pb] 1870730 190073 19205 1920130 1930150
o /o 134000 1350700 1aas Tl 171 13s3Tiol
qwh/ef 606 e06TE  GOUE TN 610
cp-/oft 448Top  449Tphn 4d8Too ddelogr 45170
diy/oft 1055700 1055708 105700 1056700 106170
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CMS Preliminary

W and Z cross section

43 pb' (13 TeV)
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The measured ratio values agree with theory predictions at NNLO
W cross section tends to be slightly below the predictions
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CMS differential Z measurement at 13 TeV

Inclusive and differential Z production at 13 TeV in the p final state with |L =2.3 fb™

Inclusive cross section (in the dilepton mass range of 60 to 120 GeV) and comparison
with NNLO predictions (FEWZ) using different PDFs

o' [pb]
NNPDF3.0 187030
o(pp — ZX) x B(Z — £707) =1870 + 2 (stat) & 35(syst) £ 51 (lumi) pb ~ CT14 190075

MMHT2014 19203
ABM12LHC  192073)
HERAPDF15  1930*70

Inclusive and differential Z production at 13 TeV in the p final state with JL =2.3 fb?

— measurement as a function of p_, angular variable ¢*, y**~and p**

— quark-gluon scattering dominates at high p_ (low p. range is governed by ISR and
the transverse momentum of the initial-state parton inside the proton)

— angular variable ¢* is expressed via pseudo-rapidity of muon pair

T — AP

. s o - —nt
¢y = tan( ) -sin(07) COS(Q,.’,) = tanh( 5 )

U

probes Z boson p_ but depends on direction of muon - smaller exp. uncertainty
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CMS differential Z measurement at 13 TeV

x10° 2.3fb7 (13 TeV) 2.3 fb (13 TeV)
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Summary

W- and Z-boson production measurements at CMS

— provide valuable input and constraints to PDFs
- used by many PDF fitting groups (7 TeV data)

- many new measurements (8 and 13 TeV) available
— will provide further constraints to PDFs

- illustration: CMS W muon asymmetry data at 8 TeV

— also can probe other QCD and EW aspects (e.g. boson
polarisation, A_; asymmetry, angular coefficients, MC tuning, ..)
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Strange quark density determination

Strange quark density in the proton is still poorly known

Phys. Lett. B 675, 433 (2009)

— mainly constrains come from fixed target data (NuTeV, o7 |

HERMES, NOMAD) 06
05 7
Nucl.Phys. B876(2013) 339 . T [5(x, 02) + s(x, Q)] dx N
NOMAD measurement Ks(Q7) =  thisfit£ 1o

03 VA this fit + 16 (B fixed)

K, (20 GeV?)= 0.59 = 0.019

02 .

- LHC Z,W and W+charm data sensitive to strange quark density

The differential ATLAS W*, Z data used to measure strange quark density

- data suggest that light quark sea at low x is flavor symmetric
Phys.Rev.Lett.109(2012)012001

s = 05(8 o 5)/({ = 1.00ZIZO.20exp:|:0.07modi—o'%gpar—_}_g'ggﬁgio.OSth
' ' at Q% and x = 0.023

— same results confirmed by the ATLAS W+charm data (obtained from the y?
minimisation procedure) arXiv:1402:6263

re = 0.96 1316102 at Q2 = 1.9 Gev?
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EgW+charm measurement at CMS

W+charm data —» direct sensitivity to the strange quark

—_ - +
s, d w s, d w

Identification:
- W decays to charged leptons (e or u)

and neutrino
— c: charm-quark jets with ijet>25GeV, n.l<2.5

jets identified: secondary vertex D" — K ntn" (D~ — Kfnn") arXiv:1310:1138

D**(2010) — D7+ (D*~(2010) — D7)
D’ - K7t (D - Kfm)
semileptonic decay with well identified muon

oY

o1y

_ . CMS L=50f"atys=7TeV
Background subtr.actlon: | B100-  peooscey Wolv
perform by subtracting the Same Sign (SS) = pﬁ 25 Gov (I=mn)
from the Opposite Sign (OS) distributions =
Total and differential cross sections % 50? v Ehe Eﬁ%— 1 1
p > 25 GeV (W-pv) e G 1
N ata D‘*".{P i
plT > 35 GeV (W-pv, W—-ev) | © MsTwos _
0 = NNPDF23 —+}— Stat. uncertainty
Ratios (W™ +cbar)/(W +c) SN NNlPDF23CD" | Totalll uncertainty R
9% 0.5 1 1.5 2

|
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' Parametrisation

PDF parametrisation at the starting scale (Q° =1.9 GeV?):

() — B, e? 1B (1 o\C - _ _
zg(r) = Agw ,; (1—x)~ B "45'1"I’ 7 (L—a)7, xU=xu(+xc)
vs ) S Uy ) (r-'ru;« f»;Q f—y — — )
g, ) = AP () (1 B, XD=x-+3(+xb)
P rdy(z) = Agz’w . (1—z)%%, - = .
T AyBr . (1 — 2\Cr A: normalisation XS_fSXDlNIth
2U(2) 7 (1 - x) B: small x behavior  f =x5/(xd+x5)=0.31
xD(x) = Aﬁ{z?Bﬁ (1 —2)p. C: x— 1 shape

rg(x) = AQ%BQ (1— 7,)09 — A 2B (1— %)Cé:
" ” CL‘TLl(l‘) — Aul fLBll (1 o KI;)CJUT (1 + Ellz 12)
15p Or - - A in o (ja’,.
“free-s”: v () dl,.lB v (1 %gy ‘
%U(/L) — Tv v (1 - 7’) EE 7 B Cs
LE/L\ — A_bl%’: /1 _ b\(*j Lym d(ﬂ:) — AJ T4 (1 _:C) d
\n ) D- \ v ) . J T 5(33) — Ag $B§ (1 _m)Cg
Az = Ag; Ba=Bg
Bs = Bg for the central fit, A_and C_are free parameter of the fit, assumed s = sbar

Bs # Bg fitincluded into parametrisation uncertainty

HERA data alone cannot be fitted with this parametrisation because has no sensitivity to s

— variation of parametrisation (addition of parameters) later considered in the PDF uncertaintie:
R. Placakyté QCD@LHC, Zurich, 22-26 August 2016 25
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Results: CMS W asymmetry data

QCD analysis at NLO, 13 parameter (fixed-s fit)

- HERA | combined DIS data JHEP 1001:109 (2010)
- Muon charge asymmetry in W production at 7 TeV arxiv:1312:6283

. CMS NLO 13 parameter fit N CMS NLO 13 parameter fit
P Q= mj, C sl Q' m§
x 0-6 — [ HERAIDIS + CMS A, x | [ HERAIDIS +CMS A,

72 HERAIDIS | EZ HERAIDIS
0.4 - 0.2
0.2 - 0.1
o F II\IIIIl | L1l | L1 lall | IIIr o IIIII| | L1t | | |
= 12 ¢ =15
oy 1.1 Y
1 1
0.9
08 0.5 — (HERAIDIS + CMS A,) / (HERA | DIS)
: | 1 I\IIIIl 1 1 IIIIII| 1 11 11 1 IIIIII| 1 1 IIIIII| 1 IIII\Il | 1
107! 107 107 10" 107" 107 107 107"
X X

error bands represent total uncertainties, (experimental, model and parametrisation uncertainties)
Change of PDF shape, improved constraints on the valence distributions
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'Results: s quark density

Determination of s quark density in the proton by using W production at CMS

o HERA | DIS + CMS W production | HERA I DIS + CMS W production
x | Q®=1.9 GeV’ X 5 Q’=mZ

0.75 — — CMS NLO free-s fit i — CMS NLO free-s fit

B exp.unc. = B exp.unc.
05 [] modelunc. 2 - 1 model unc.
[ parametrization unc. [ parametrization unc.

0.25

T 4. )
B ©

+ 1.5 +
2 2
= 1 =
I'n |
+ +
» 05 )
I 1l

2] %]
m 0 | L1111 II| | | I \I‘ | L1111 I\l | | m

) 3 2 -
10 10 10 10 1

The determined strangeness suppression K (20 GeV?):
Ks = 0.525012 (exp.) 700 (model) *) 13 (parametrization)
NOMAD KS (20 GeV?)= 0.59+0.019 Nucl.Phys. B876(2013) 339

Determined strange fraction is consistent with NOMAD results

R. Placakyté QCD@LHC, Zurich, 22-26 August 2016 27
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Comparison with ATLAS results

|'O 1.5
~

| » i
£w1_25—

0.75

2_ .2
Q_mW

[ | HERAPDF1.5 + ATLAS Wc-jet/WD data
I ATLAS-epWZ12

T

A ATRKK
STREIIIRLRL
IRRELREEEREEKS
o SRRGILLHLLES

TR, RIS 0XXRRARILLXKR

SRELK QKR KKK SRR
SRR RIS LRSS
5 s J50R R RRSERRIRIHERREEEREILLIER
S LIRS OSasesesetese;

_ SRR SRS

: faf " e

2505

CMS NLO free s fit:
HERAIDIS + CMS A + W+c

0.5

2
10

Phys.Rev.Lett.109(2012)012001
arXiv:1402:6263

arXiv:1312:6283

Strange fraction determined in CMS is lower than in ATLAS but results

R. Placakyté

are still consistent
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