THE UNIVERSITY

WISCONSIN

W&Z Physics "~
at the LHC

Maria Cepeda, University of Wisconsin (CMS experiment)
On behalf of the CMS, ATLAS and LHCb collaborations

Maria Cepeda - PLHC 6/6/2012




Why study W&Zs in the LHC?

On the path to discovery, the LHC program
encourages us to measure in detail a great number
of the Standard Model known “unknowns”.

The study of the production mechanism of W and Z
in pp collisions and the precise measurement of
electro-weak observables related to them to have

already provided a plethora of results at 7 TeV.

Thanks to them, we have been able to:

Obtain precision measurements in the TeV
regime

Study in detail the building blocks for general
analysis (leptons, met, jets, b-jets)

Test perturbative QCD predictions and PDFs in
pp Collisions at the TeV scale

Cross-check our measurements of Luminosity

Understand in detail the backgrounds for most
searches (Higgs, SuSy)
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Summary: Results at 7 TeV

* Inclusive W/Z measurements

Inclusive Cross-Sections and Ratios
Differential Cross-Sections

W Charge asymmetry

W polarization

Tau polarization

Z Az asymmetry

Measurement of the weak mixing angle
Z rapidity and transverse momentum
W transverse momentum

Study of the strange quark PDF density

* V+jets / V+HF measurements

V+Jets Cross-Sections

Cross-Section Ratios

Differential Cross-Sections

W asymmetry in jet bins

W+c study

W+b(b) cross-section measurement
Z+b / Z+bb cross-sections & kinematics

20 minutes is not enough
to cover them all in the
detail they deserve — just

enough to focus on some of
the highlights and news

Dedicated parallel talks by the three
experiments for more detailed explanations:
W.J.Barter (WandZ, LHCb)

(W,Z+jets; CMS)

ATLAS)

R. Castello
K. Nagai (W,Z;
N. Neumeister (Drell-Yan; CMS)
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W/Z Cross-Sections

« W and Z decays are characterized by them
high production rates and clean and
simple experimental signatures in their
leptonic decay channels :

« W: High pt, isolated lepton + high
Missing Transverse Energy (ME;)
\- Z: 2 high pt isolated leptons J

ATLAS: Phys.Rev.D85 (2012) 072004

CMS: JHEP 10 (2011) 132

* “Central” leptons = pseudorapidity up to 2.1
(W muon, CMS) / 2.4 (muon ATLAS, Zmumu
CMS) / 2.5 (electrons)

* Excellent agreement with theoretical
predictions

* Already being used to provide further input to
PDF measurements.

arXiv:1201.1295 [hep-ph

NNLO W and Z cross sections at the LHC (s =7 TeV)

3 T I I I I I I I I L I I |

5 1.02 v CMS, L « 36 pb! R(WIZ) =

- 10.8

+ 1 .

i 1 s ATLAS, L = 33-36 pbr %

T
(=]

N - -

o 0.98 =
< C 7 8
N =

© 0.96 £
. lg‘
0.94 - 1s1wos
C T ——— NNPDF2.1 ] s
HERAPOF10 =
0.92— e HERAPDF1.5 @
—— ABKMOO
B IR09
0.9 Inner error bars: PDF only
Outer arror bars: PDFeo,
o “ LA 4 1 1 1 1 1 1 1 1 1 1 1 1\ 1 1 1 1 1 1 1 1 1 1 l 1
- 9.8 10 10.2 10.4 10.6 108 11

Gy - BOW* — Iv) (nb)

NNLO W' and W cross sections at the LHC (\s =7 TeV)
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Cross-Sections in the forward region

New results from LHCb, complementary to the 2010
CMS/ATLAS measurements

Forward Muon/Electron 2 2.0<eta<4.5
P,>20 GeV

For W - isolated, Unbiased impact parameter < 40
um, E/p <0.04. No MET -2 lepton p; as a handle to
identify Ws

Events / (2 GeV/cz)

(e o)

i Yl sl

Z: Cut&Count (Muon and Electron)
W: Fit to the pt distribution (only muon channel)
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W/Z Cross-Sections in LHCb
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* d/uis not well determined from past experiments = LHC data at high n should help
settle the PDF uncertainties in this region
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* Theresults are in general agreement with theoretical predictions, performed at next-to-
next-to-leading order in QCD, using different sets of recently calculated parton distribution
functions. WISCONSIN




leferentlal Cross-Sections
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In addition to the inclusive cross-sections, differential cross-
sections allow precision tests of our understanding of fine
details of particle production at the LHC

0.35

Examples: Z rapidity = sensitivity to PDFs (specially in the
forward region). g, = test of the underlying collision
processes at low g; and NNLO pQCD predictions at high q5.
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Generally good agreement with the theoretical predictions,
some discrepancies between PDF sets

ATLAS: Z pt and rapidty, W pt and pseudorapidity
CMS: Z pt and rapidity LHCb: W+- pseudorapidity, Z rapidity
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do/dM : Differential Drell-Yan X-Section

[.

Moving away from the Z peak we can further test pQCD predictions and probe PDFs.|

Normalizing the results to the Z peak = cancellation of luminosity uncertainties, reduction of
overall uncertainties (eg: efficiencies)

CMS: 40 invariant mass bins starting from 15 GeV

Also studied in LHCb in the low mass region (See back-up, LHCh-CONF-2012-013)

Data well described by NNLO

Low mass range: dominated by modeling errors / High range: dominated by statistical errors
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Events / 0.04

Weak Mixing Angle & A

Kinematics of leptons produced in Z decays = Forward-Backward assymmetry of DY pairs, which:

* Atthe Z pole 2 measure sin’6,, with a 1% precision. Measured through an unbinned
maximume-likelihood fit to the data di-muon rapidity, invariant mass and decay angle

distributions (1.1 fb1)

sin? O = 0.2287 4 0.0020 (stat.) 4 0.0025 (syst.)

* Away from the Z pole > Measure AFB as a function of rapidity and invariant mass. Observed
AFB is heavily diluted wrt Born level one (results corrected) > Precision test on SM
predictions around the Z peak region / sensitive to new physics at high mass (4.7 fb1)
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Lepton charge asymmetry

LHCb: LHCb-PAPER-2012-008

‘ N ’ A CMS: JHEP 04 (2011) 050, PAS-SMP-12-001
S y mme l -y ATLAS: Phys.Lett. B701 (2011) 31-49

More u-dbar than d-ubar in pp collisions = Charge
Asymmetry in W production

Excellent probe to study parton distributions in the proton
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ATLAS: CERN-PH-EP-2012-016

CMS: PRL 107 (2011) 021802

W polarization

* Dominance of quark-gluon initial states, plus V-A W-fermion coupling leads to significant
polarization of W bosons with large transverse momenta ( >50 GeV ) in pp collisions.

* The exact value of polarization depends on the proportion of the qg, gbarg, ggbar
contributions, reflected in the helicity angle (cos 6,)

———— = —f1(1 02n)2 4+ 2 fol(l + cos Ban)2 4+ = frsin2 0
o dcosfs3p 8 L(1 ¥ cosf3p)” + 8 R( cosf3p)” + 4 osIin U3p

* Results computed in two ranges: 35<Pt(W)<50 GeV, Pt(W)>50 GeV

 The measurement confirm that W bosons in pp collisions with large transverse momenta are
predomlnantly left-handed as predicted in the Standard Model.
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V+]ets Studies

CMS: focus on cross-sections and cross-section ratios
ATLAS: extensive study of the kinematics (angles, differential distributions, etc)

CMS:

W, Z, R+jets: JHEP 01 (2012) 010
ATLAS:

W-+jets: Phys. Rev. D85 (2012) 092002

Z+jets: Phys. Rev. D85 (2012) 032009
R+jets: Phys. Lett. B708 (2012) 221-240
LHCb:

Z+Jets: LHCb-CONF-2012-016 (NEW)

Comparison of different MC generators and PDF sets = the different measurements performed
provide tests of a, PDFs, hard parton radiation and ME to PS matching schemes
In general good agreement with the theoretical predictions data for both CMS and ATLAS
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7+b / Z+bb

Current cross-section predictions have large theory
uncertainties, so a precise measurement by the LHC will have
high impact in our understanding of V+HF production

Tagging efficiency and template fits dominate the systematic
uncertainties

CMS observes a ‘larger though consistent’ cross-section in
data than predicted. ATLAS is consistent within uncertainties.

Some tension in the data/MC comparison of kinematic
properties

- ATLAS: (36 pb™)
3.5570 53 (stay) ) (syst) + 0.12(lumi) pb

- CMS (2.2 fb™)
Z+>=1b 3.78 £ 0.05(stat.) == 0.31(syst.) £ 0.11(theory)pb
Z+>=2b 0.37 + 0.02(stat.) % 0.07(syst.) =+ 0.02(theory)pb

Z+b [Atlas, arXiv:1109.1403, 36 pb-1],
[CMS, arXiv:1204.1643, 2.1 fb-1]

Z+b/Z+j [CMS, SMP-10-015, 36 pb-1]
Z+bb  [CMS, SMP-12-003; 2.1 fb-1]

Jots /0.5 GeV
8 T

&

T 8 ™7

0]
o

Events/20GeV

oO

Data/MC

AN A AR AN AR SARN S AR RARANAREAE A | SALES REA

- e data 2010 fVs=7TeV) —

‘ N Z:b i
B Z+c

| Z+ight 7

| backgrounds -

fl.m=36pb"

7 8 9 10
SV0 mass [GeV)]

CMS Preliminary e
Vs=7TeV,L=22fb"

—— Data
B z+1 .
[ Z+c 3
[ z+b ]
CItt =
zz R

. JES + B-Tag Uncertainties _]

50 100 150 200 250 300 350
P (GeV)

SOOI -

o

=}

50 100 150 200 250 300 350
p® (GeV)



7+2SV

* Complementary approach to the standard jet-tagging procedure:
* B-hadrons identification using secondary vertices (Inclusive Vertex Finder)
* Not based on b-jets
* Sensitivity at small angles = measurement of the AR(b1,b2) angle between the two displaced vertices

* Some discrepancies in shape observed between data and MC CMS-EWK-11-015
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W+c

*  The measurement of the cross section ratios

c(Wte)lo(W—¢) and

c(W+c)lo(W +jets)

provides important information on the strange and anti-
strange quark parton density functions of the proton.

* Measured in W+1 Jet events, through a fit to the
significance of the secondary vertex decay length D¢/ e
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Determination of Strange Quark Density

Complementary to the CMS measurement, ATLAS has
studied the impact of the inclusive W/Z differential

cross-sections and their correlations on our knowledge
of the strange quark distribution in the proton arXiv: 1203.4051

2 types of NNLO QCD fit of HERA DIS and ATLAS W/Z
cross-section data (free sbar/fixed sbar) Fixed> §/d=05

X2/ndof improved in the free fit

Free>rs = 0.5(s + §)/C_1'
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W+b(b)

Measured Cross-Section is ~1.5 sigma larger than the theoretical prediction ( both NLO(5FNS)
and LO (Alpgen+Jimmy) )

*  Measurement performed in 3 bins: 1 btagged jet, 2 btagged jets, 1+2 btagged jets

* Significant background contributions, mostly from top (2 jets) and W+c (1 jet)

* The measurement is performed in the Electron/Muon channels, and based on a likelihood
fit to the mass of the Secondary Vertex
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Events / 2.0 GeV/c?

Towards the first 8 TeV results
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yield results in 2012

1500 -

* Completing the ongoing analysis on 2011 1000
data (7 TeV) &

* Extending and updating the results at 8 TeV o

el »~
t;"'zo"'m“‘eb""ad" ;on Vo 20 40 60 80 100
E; [GeV] ¥, (GeV]
* The first results are starting to arrive: W+,
. . . . S CMS Prehmlnary" B CM‘S f’reli.mi.ngw
W- MET and Z Invariant Mass distributions § s o, mewavaw | o
d Rt —— cata < A7) —— dota |
< 2500 TR W'y < 18005 ¥ i Wouv
at 8 TeV PO W =g
-
1500 p \ VV+
CMS Prehmmary CMS Prehmlnary .-'. \ ( ) I
1000 — l 205pb at s=8TeV | N§ 1200:— l 165pb at ys=8TeV ] - '~.~ IJ :
—— data + 1 g 1000:~ —— data + E S i |
800 — Zsee — (:J r Zup T "SR 4y M U oF Z ot ,.L‘J_‘“Wuvl.;,ﬁ,-‘_,._.‘ y S ay bay
600 + + i g 800 0 20 40 60 80 1® so 20 40 60 80 1(:JO
L ee R it 00| IJ“ + % E & [GeV) £ [GeV]
400~ N 3 r ]
r ] 400 — .
C + ] C ] S
™ Rl E 200/ r o ] Note: Monte Carlo predictions
e e —— e T fitted to the data yield (only
sF g 5f . .
g_A6"t.” s ,"0 Thabys o‘vi R :;.“L""“H'..oA'“'.,‘.'”: Shape Comparlson)
60 80 100 120 60 80 100 120
M(e'e’) [GeV/c?) M) [GeVic?) e uniyers Ty

WlSCONSlN



Conclusions

* ATLAS/CMS/LHCb have a healthy program of Standard Model physics studies,
partially dedicated to the production of W/Z bosons at the LHC.
* At 7 TeV it has already provided:

* Precise cross section measurements of W & Z bosons decaying into leptons, inclusively
and in association with jets

* Detailed studies of differential cross sections, in good agreement with the theoretical
predictions

* Precise measurements of other EWK observables (asymmetries, ratios, polarization), also
in good agreement with NLO/NNLO predictions
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* Insight on the Parton Density Functions, both from inclusive measurements and from
Vector Boson + jets production

* First studies of the cross-sections and kinematics for V+Heavy Flavour production (which
show interesting tensions with the theoretical predictions)

Maria Cepeda

* Many measurements already systematics limited.

* The program will continue finishing the ongoing 2011 analysis, and moving forward
to the 8 TeV era
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A deep understanding of the physics behind W&Z production is mandatory in the LHC
era. They are the building blocks on which TeV physics are based, without which

searches could not have a solid ground.
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W Cross-Section at 2.76 TeV

* Measurement of W production at Vs = 2.76 TeV is in agreement
with Standard Model predictions (NNLO, FEWZ and MSTWO08 PDF)

* Uncertainty = 5% (stat.) + 2.8% (syst.) + 6% (Lumi)
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do/dM/dY
Double Difterential Drell-Yan X-Section

Moving to a measurement in bins of mass and rapidity we can constrain further our
knowledge of PDFs (due to the different d/u composition outside the Z peak)

e 24 rapidity bins between 0 and 2.4, and 6 mass ranges CMS-PAS-EWK-11-007

* Muon channel only
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V+]ets Studies

* Jets reconstructed using anti-kt algorithms (cone: 0.4 ATLAS, 0.5 CMS)
* Systematics dominated by jet energy scale = larger at high jet multiplicities and high jet rapidity.
* The use of ratios provides some uncertainty cancellation
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Integrated Total Cross-Sections

CcMS 36pb'at Vs=7TeV
-
NNLO, FEWZ+MSTWOS prediction
[with MSTWOSNNLO 68% CL uncertainty]
10.44 + 0.27 nb
W= ev o
10.48:0.03 , +0.17, 042 nb
W —uv et
1018+ 0.03,,, + 0.16,, + 0.41,, nb
W — I (combined) o}
10314 0.02,,, + 013, + 0.41, nb
PR S (NN SR TR SR NN SN ST SN N ST SN T ST TR U S S | S S T R

4

0 2 8 8 10 12
o(pp—=WX)IXB(W—-N) [nb]
CMS 36 pb'at Vs=7TeV
I umt. uncetl.;lnly: +4% ' '
axB(W) - 0.987 = 0.009,,, +0.028
cxB(W") i 0.982+ 0.009,,, + 0.030,
oxB(W) = 0.993+0.010,,, +0.029,
axB(Z) o 1.002+0.010,,, +0.032
Rz HoH 0.981+0.010,,, + 0.015
R,. HaH 0.990 + 0.011,, +0.023
0.6 038 1 1.2 1.4
Ratio (CMS/Theory)

G = B (nb)

CcMS 36pb'at Vs=7TeV
E—————SSSS%k ) A
NNLO, FEWZ+MSTWOS prediction, 60-120 GeV
[with MSTIWOSNNLO 68% CL uncertainty]
0.97 +0.03 nb

Z—ee FHeH |
0.992+0.011,,, +0.024_  +0.040, . nb

Z—uu CHe
0.968 - 0.008 ., + 0.019, , + 0.039, , nb

Z—= (combined) F—HH—
0.974+0.007 ,, +0.019_ , +0.039,  nb

10

107

02 04 06 08 i 12
ol pp— ZX)xB(Z—11) " [nb]

« CMS, 36pb™, 2010 e
.+ CDFRunll o
L * DORunl )

- « UA2

: uAl Z-1
- y
- PP
; Theory: FEWZ and MSTWO08 NNLO PDFs
B 1 1 1 1 1 1 I 1 1 1 1 1 1 11 I 1

1

Collldg?energy (TeV)

N
<
o
N
~
o
~
©
O
I
1
o
1
®©
e,
o)
o
[0
O
A
—_
©
=

THE UNIVERSITY
2

WISCONSIN

MADISON



Fiducial Total Cross-Sections
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