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Early Z Boson Measurements at
CMS in pp Collisions at 7 TeV
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Selected Results and Planned Measurements:
Cross section

Differential measurements

forward-backward asymmetry

Z+Jets, jet energy scale of tagging jets in
qq#, and Double Parton Scattering



LHC

* Circumference: 27 km
* pp or ion-ion collider
* #quadrupoles: 858

e # magnets: 9300

* Dipole temperature:
1.9 K

"¢ Peak magnetic dipole
field: 8.33 T

* Design luminosity:
103¢cm-2s-1



Compact Muon Solenoid(CMS)
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Silicon Microstrips
Pixels MUON
4 ENDCAPS
Total weight : 12,500 t MUON BARREL Cathode Strip Chambers (CSC )
Overall diameter : 15 m Resistive Plate Chambers (RPC)
Overall length : 21.6 m Drift Tube Resistive Plate
Magnetic field : 4 Tesla Chambers (DT ) Chambers ( RPC)
Within the ECAL: PbWO,, High resolution, ~70 k crystals
solenoid HCAL: Brass and scintillator,

field volume Tracker: 66 M Si pixels and 10 M Si strips

' Superconducting Solenoid magnet: 6 m x 13 m, B=3.8 T, € = 1.6 GJ
Embedded Wlfhln Muon Sysfem: Drift tubes (DT), Cathode S‘h'iP Chambers (CSC),

{ Resistive plate chambers (RPC).

the iron yoke

+ Forward Calorimeter: steel absorber, fibers 3
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CMS Operation (2010)

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC)
I T T T

¢ Infegrafed l“lﬂiﬂOSify - > — Delivered 47.03 pb™' : : :
measurement is based on 2 || = necordeasnazpr | [
signals from the forward S A S S S [

Calorimeter (#F).

* Van der Meer scans provide
absolute normalization.

* Uncertainty on the
integrated luminosity: 11%

—> Luminosity uncertainty will z ; s é
be reduced by improving ] A R S e B '
experimental techniques & f f f f
by using a well-known 0 ; ; ;
Process (e.g. Z%ll). 29/0 12/05 25/06 08/08 21/09 Date 04/11

30 e e

20 — o |

* Global data taking efficiency ~92%

* Integrated luminosity excluding the problematic lumi-sections and runs
for physics analysis ~36 pbl. > ~84% of recorded data.

* 40 pb-! for analysis without calorimeters.



Electroweak Physics at the LHC

* Understanding EWK production is essential before any discovery
claims.

— The production of W and Z bosons decaying into electrons
and muons are one of the best understood processes at the
colliders

— W and Z’s are the only detected particles of the EWKSB
mechanism.

* Deviations from Standard Model expectations may indicate
existence of new physics.

* Backgrounds for Beyond Standard Model processes

* High p. leptons from W’s and Z’s are used to understand
efficiency, resolution, energy scale, and in general
understanding our equipment.

e EWK measurements will be used to constrain PDfs

 Z production rate can be used to monitor and calibrate
the luminosity.



Electrons

Muons

ECAL clusters matched to tracks
in the tracker accounting for
possible energy loss in the
tracker layers.

Unprescaled HLT filter requiring
an ECAL cluster with €. > (10-17)
GeV.

P: > 20 GeV, Inl<1.4442, 1.566<n|
<2.5

Electrons from photon conversions
are reduced using tracker.

Identification using shower
shape variables

Muons are required
to be identified by
tracker and global
algorithms

Unprescaled HLT
filter with a
threshold of
P.>(9-15) GeV in
In|<2.1.

P (1)>20 Gev

Quality cuts (3#hits
in pixels etc.)

* Isolation using tracker and the calorimeters.
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Dilepton Resonances
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Z signal: Two isolated

opposite sign high p. leptons.

p:(1)>20 GeV
IT]M|<2.1

WW,WZ,ZZ,t7)

n J<1.44 & 1.57<n J<2.5
Negligible background (Z—>tr,

+ small scale corrections



CMS 29pb”at \Vs=7TeV
' ' ' | ' ! ' | ' ' ' | ' ' ' | ' ' ' | ' ' ' | '
NNLO, FEWZ+MSTWO08 prediction, 60-120 GeV
[with PDF4LHC 68% CL uncertaintyl J‘HEP 01 (2011) 080
NS
_ 0.97 = 0.04 nb .
O X BR = Important systematics:
AxeEx f Ldt .. T
Luminosity normalization: 11%
Z—ee H—— Lepton reconstruction (g): ~3-4%
0.96+0.04 . = 0.06_ ., + 0.1, nb Backgrounds (N): ~1-2%
0.92+0.03 ot o_ozsyst +0. 10Ium| nb (CI‘OSS'SeCfIOI‘IS measured within
geometrical and kinematical
Z— 1l (combined) (ol acceptance are also reported
0.93+ 003stat—002syst—01oluml nb eliminating the PDF uncertainties)
. ) | | ) ) | ) . ) | ) | | | ) . | ) | ) | )
0 0.2 04 0.6 0.8 1 1.2
o(pp—=ZX)xB(Z—Il) [nb]

* Cross section x branching ratio measurements in the
electron and muon channels are internally consistent.

* Both channels are combined by maximizing the likelihood

that takes into account the individual

statistical and

systematic uncertainties and their correlations as well.



cMS 29pb’at \s=7TeVv CMS 2.9pb at \s=7TeV
NNLO, FEWZ+MSTW08 prediction lumi. uncertainty: « 11%
[with PDF4LHC 68% CL uncertaintyl
1074 + 0.08 axB(W) - 0.953:0.028,,, +0.048,
W —>ev, Z—>ee Hty oxB(W) H=H 0.953+0.029,,, + 0.045,,
10.47 = 0.42 s * 047
oxB(W) H—-— 0.954 + 0.034,, - 0.051,
W—=uv, Z—-uu H——H
10.74+ 0.37 ,, = 0.33
Wb Z ol axB(Z) - 0.960 - 0.036,,, = 0.040,,
— v, £ — Il (combined) H~H
10.64 028 +0.29 JHEP 01 (2011) 080 0,000+ 0,038 0,004
| | | | | | Wiz I—.—' . + V. exp. + V. theo
0 2 4 6 8 10 12 14
Rwz =[oxBIW) IToxB @) R,, h-s—H  1.002:0038,, + 0028,
R _[oxBJ(W) _Nwpz Fz _ Nwez Az T e
w/z = = = : : . : .
/ [cxB|(Z) NzpwFw NzewAw Ratio (CMS/Theory)

predictions.

Individual cross sections and ratios agree well with theory

Systematical uncertainties ~ statistical uncertainties (w/o the

luminosity uncertainty which cancel in the ratios).

Central values of individual cross-sections are lower than the

theory predictions by ~5%, but still within the luminosity

uncerfainfy

< 4% > W and Z cross sections can be used to normalize

fﬁe LHC luminosity with an uncertainty better than ~s%.



Updated results with 36 pb..

CMS 36 pb'at Vs=7TeV
NNLO, FEWZ+MSTWO08 prediction
[with PDFALHC 683: CL uncertainty]
10.74 + 0.04
W—ev, Z—ee Hell
10.56 = 0.12__ = 0.19 ayot
W —=uv, Z—uu HeH
10.52 = 0.09,,,, = 0.20 syst
W — |\', Z—l (combined) HH
10.54 = 0.07 ,, = 0.18‘“,
0 2 4 6 8 10 12 14
Ryz=[0xB](W)/[oxB]Z)
CMS PAS EWK-10-005
CMS 36 pb'at \s=7TeV
l lumi. uncert:ainty: = 4% ' '
oxB(W) —m— 0.987 = 0.009 ,,, + 0.051,
oxB (W) —t 0.982 + 0.009 exp. £ 0.049 theo.
ox B (W) —++— 0.993 = 0.010exp‘ + 0.056 theo.
oxB(2Z) —t 1.003 = 0.010,, + 0.047 ,
Rz Hot 0.981= 0.010exp. + 0.016the°.
R,. - 0.990 = 0.01 1exp‘ + 0.037 theo.
0.6 0.8 1.4

1 1.2
Ratio (CMS/Theory)
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* The increase of the Z (and W) cross
sections with energy is confirmed.

* Good agreement between CMS, ATLAS, and

theory predictions.




Z yield vs. Time

EDF: Fractional Z—uu Yield Vs Recorded Luminosity
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.\ Y(1,2,39)

CMS Preliminary

\s=7TeV, L =40 pb’

1 10

+ 102 2
u*u- mass (GeV/c?)

Enough statistics to start slicing the Z’s and study
them as a function of rapidity, p;, mass, and
angular variables

Double differential measurements will provide the
most strict constraints on the PDfs —> better
understanding of sea quark and gluon
contributions.

Accuracy for low p; region = Crucial for MC
modelling.

Access to higher p. region with multi-jets 15



CMS preliminary 2010
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* Backgrounds:
— Dominant background is ttbar for p;>30 GeV.

— Estimate it by counting the # events for which ttbar>WW->eu which has
identical kinematics and N(ttbar—>eu)=2N(ttbar-> uu) reducing the uncertainty on

the esti

mate.
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Probably the highest
P Z events ever.

do Ns(pT)_Nb(pT)

dp, ~ dp,(p)x (Axe)(p,)x [ Ldr

* P, resolution is distorted due to bin migration caused mainly by
tracker-muon system misalignment and QED fSR.

16



CMS preliminary
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* Soft p, spectrum > multiple soft gluon emission
* Hard p; spectrum - pQCD
Sensitive to gluon PDFs

Deviations provide model independent BSM searches.

*  Matching high and low p;

80 %10 3 CMS preliminary
T T I T |

- 36pb’ at Vs =7TeV 7

60f- =2 e  data (e and u combined) —

Pythia D6T 7]
+  Pythia PO -
Pythia ProQ20 -
Pythia Z2

25 30
pr [GeV/c]
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Parton momentum fraction(x)

do/dy

Yy = ElnE——pz = Eln_ Parton momentum fractions (x.),

determine P(Z) and rapidity (y).

II Illl LIl ]II\ II ill\ IIIIII

Large y (=high x) is not well known, but
in the electron channel we are able to

48 2 4 0 1.2 3 4 couer yp to m|~5 thanks to HFf.

y (Z boson rapidity)

18



Electron Identification m I-If

* #f is located about 11 m from
the interaction point, covers 3 <
Inl < 5 with depth of 10 A,

No tracker in front of H¥.

* Consists of iron absorber
embedded with quartz fibers
parallel to the beam direction in \

a 5x5 mm matrix EM (165 cm)

HAD (143 cm)

Electrons in HFf can be identified using longitudinal and transverse shower shape variables:
Isolation: E(L+S), ,/E(L+S),, . > XX,
Compactness: E(L . )/E(L, ;)-CE//E, = (shower shape) - c(shower depth) > XX

Short Fibers Start

100 GeV o 100 GeV e-
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CMS preliminary \s=7TeV, J L dt =40.0 pb'1
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* We do not know the width.
* But there are other ways to search for new resonances.



Forward-Backward Asymmetry in Di-
Lepton events (Agg)

In the processvpequZ/}/ - [T both vector and axial-vector couplings of
electroweak bosons are present. This results in a forward-backward asymmetry in
the Drell-Yan lepton pairs.

do
d(cos0)

= A(14+cos’8)+ BcosO

A,B are proportional to weak isospin and charge of the incoming fermijons.

O,-0y, N.-N, 3B

A — — —
o.+0, N,+N, B8A

FB

* . 9
Arp = A (MY cos0 sin”0,,,q - flavor)

23



With =S fb-! Tevatron reaches ~0.5 TeV

Forward-Backward Asymmetry, A
<E0 8 CDF Run Il Preliminary with a1’
0.4 »
0.2 4
o
0 _." Pythia prediction
0.2 3 / Unfolded (stat +syst | -~ *
04 > ok ' Unfolded (stat. only qq eY ell For M<6o Gev
06F M. Vesterinen
o.z: Moriond 2011 qq~2>Z2>ll at M=M, =>sin0,,
60 70 100 200 300 M:??Gchz)
) qq~2>y*/Z>1l for M~>110 Gev
«r:l N
"L DOsm! H
: >0.6
05 H
L M. Vesterinen
I —pPYTHIA  Moriond 2011
0 --- ZGRAD2
E Statistical uncertainty
Total uncertainty
05
070100 ' 300 500 1000
M, (GeV)

We try

to show that A, works at low mass and

then look for deviations at high mass.



Defining forward/backward

* At the LHC quark/anti-quark directions are not
known (unlike Tevatron)

* But the anti-quark at the LHC is a sea-quark,
—> on average, we expect it to have a smaller
momentum than the valence quark

—>Di-lepton system is boosted along the quark
direction.
> We will correct for this effect by taking the
‘correct’ quark direction known at the generator
level. (i.e. if Z direction is wrong cosO.* 2 -
cos0.s*) = Something that must be valid for
non-SMs as well.

—>PDf-dependent.



Defining forward/backward: cosO..*

1.2

x10°

CMS preliminary

0.8

events / 0.08

0.6

0.4

0.2

e data (uncorrected)
Zi* = W'

T
36pb™" at s =7 TeV

1.5—+

data/sim

0.5

o .0 . *
T i e R e o

Iy

-1

Collins-Soper frame

*
cosO.¢ =

-0.5

0

0.5 1
COS 0*cs

gbar

PP PP)

\/Q

(0*+0})
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080_ 800 36 pb! at \s = 7 TeV B
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"GC: 600 Zivt — e'e N
G>,) . ¢ P ¢ * 4s ]
ool e vtoeTel | CMS PAS EWK-10-011
N fl, Moriond 2011
200 —
0° 1 1 1 :
£ 1.5? ]
% 1‘f*fg‘T‘J*‘*”*HﬁLﬁ.T”ﬂL
3051 | | | -
-1 -0.5 0 0.5 1
COS e*cs
0 -gbar
L ) L Sensitive to BSM and the
< spins of new particles.
q

Q: four-momentum of the di-lepton system

Pii =2—1/2(Pio in)



* Asymmetry is diluted due to detector resolution,
QED fSR (bremsstrahlung from the lepton),
acceptance, and unknown quark/anti-quark
directions.

— Corrections can be applied
* Unfolding for detector resolution and QED ¥SR
* q/q~ direction corrections using MC

— Compare to smeared theory

— Extend the rapidity range as much as possible

(smaller q/q~ direction ambiguity, smaller effect of
acceptance).

27



Uncorrected Asymmetry

CMS prellmlnary

051 a) 36pb at\E 7Tev_{

CMS prellmlnary
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* Measured and simulated A in 11 di-lepton mass bins.

* MC: POWHEG generated events passed through full CMS
simulation with same selection cuts applied in data.
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Dilution (or quark-direction) Corrections

h_gen_costhetaCSreco
— Diluted Entries 1998931
3 Mean -0.001779
X|1‘q I i RMS 0.6255 True from qqbar Events
140F [T eeees Non-diluted ™ —Th cos_qq
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“[Mean  0.0015 - h_AFB_Unfolded_and_Acceptance_Corrected
120 __ __ RMS  0.6338
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- =1 E I. - ==F ‘l. "= = E .l A
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CMS Preliminary 2010 \/s =7 TeV
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'0.6.—1;1'.'.1 A 2 2 Il

Al (M
100} ] dFB (M) = Z—FZ;B;O(SI )
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=1/D

Bl b b b b b b s by g
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Unknown quark directions > Large effect on A, at the LHC

Should be corrected for the cases in which the Z is not boosted in the quark
direction

Corrections through dilution factors which are functions of |Yl, M=>Il, (and cosO*).



sinZ0,,

A.; €2 Weinberg angle.

Using the raw asymmetry measurement (or unfolded AfB) sin%0,, can be

extracted.

But even a better way is to use a multivariate likelihood fit of the
rapidity, dilepton invariant mass and angle distributions.

— Initial CMS result: sin%0,,%f=0.2287+/-0.0077(stat)+/-0.0036(syst). (CMS

PAS EWK-10-011)

«—— Average 0.23153 £ 0.00016

Ay e 0.23099 + 0.00053
A(P) —— 0.23159 + 0.00041
A, (SLD) - 0.23098 + 0.00026

M. Vesterinen

ob
. . 0.23221 + 0.00029
®  Moriond 2011
AL —— 0.23220 + 0.00081
Q"‘:‘ bt 0,2324 + 0.0012

A, (DO),50f5' ~———— 0.2309 + 0.0010

| | | | | J
0228 0.23 0.232 0.234 0.236 0.238

.2
sin 05,,

—> Measurement precision depends on
how well we can control PDF

systematics
= We need to use an independent

measurement not using Z bosons

Weinberg angle 2 M,



Lepton Charge Asymmetry
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PDFf Constraints from W-
Asymmetry

36 pb' at Vs=7TeV

| I

a) pTe' "> 25 GeV/c -

-‘§ -
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2

oW — ev
aW— uv

errors: stat @ syst

* Flatter n-dependence
than PDf predictions.

* Statistical precision is
already enough to
provide new inputs to
global PDF fits.

CMS PAS EWK-10-006
Moriond 2011
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The Jet Energy Scale for qq#

Large rapidity gap for tag jets |Anl>4.

(VBf in CMS:
see e.9. Yazgan et al. EPJ-C 53, 329, 2008)

® The correct jes for tagging quarks is needed to correctly
measure the Higgs boson mass in qqH, for example in #2>TT>lvv
+t—jet, events using properly corrected missing transverse energy.

® The correct jes for tagging quarks in qq#H requires using a
quark-rich sample.

Z+j events are almost background free and the ratio of quark
and gluon jets is well known from the theoretical predictions.



Hard Double (or Multi)[ &=
Parton Interactions (DPS)

et,

Simultaneous interaction of two
parton pairs in the same
collision is a consequence of
the parton model.

Proposed in 80’s

And it has been measured in
AfS, UA2, CD¥, and DO.



Higher energy at the LHC > sizable effect of DPS events compared to the previous
experiments -- however the DPS cross section vs. J/s is not known
Background to #iggs, Z/W+Jets, ....

Oup =
20 o
eff (m=2 for distinguishable prcesses;
Og: @ measure of the e.g. A=Z, B=di-jets)
effective interaction region of = Oerr = 16.4 mb (DO y+3))
the hadron - in principle, Oerr = 14.5 mb (CDF 4))

process independent. :
Transverse size ~ 0.5 fm

<< R(proton) > correlations.

But also, longitudinal correlations in double-parton PDF (correlations in
longitudinal Momentum fractions at large Q? and finite x) can have sizable
effect (not accounted for in the formula above) [arXiv:1001.0104,0910.4347]



An example: Z->tt + jets bkgr. from DPS in qq#, H>TT

jets

One jet from DY,
p and the other from
QCD di-jet production.

jet,
AN L B I BULRL B UL LN - 140+ T
EDZS I~ Z+jot fom chble perbn scafiering £ Z+jets from one parton-parton scattering E
! | 120 ]
o | Zrjets fom one parfon-parion T~ F | eeeeeene Z+jets from double parton scattering ]
: 02 __ ------- fagging jets in VBF Hioos ?\ - _—
= arXiv: 0803 1154 [hep Ph] After selections: ]
— two jets p;>20 GeV ]
0.15[ After selections: i 80 i i
’ > An i112>4'2’ U 12<0 i
two jets p>20 GeV ] % 60 - Mj112> 1Tev B
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Elodngiet GeV p, of Z > py, GeV
DPS ~ 40 % of the “normal” Z+jets after cuts: €J > 20 GeV, M;;;,>1TeV, An,;,>4.2

DPS ~ 15 % of “normal” Z+jets after cuts: € > 40 GeV, M, ;,>1TeV, An;,;,>4.2



Conclusions and Qutlook

Re-discovery of the SM is “complete” through the
measurement of standard ob jects including the Z
boson.

First Z differential di-lepton, Z-asymmetry,
sinZ0,,, and V+Jets measurements are/will be
completed soon.

Differential measurements will provide powerful
constraints on PDfs (with ~250 pb-!) that are
independent of W-asymmetry.

With 2011 LHC data, we will be able to start
looking for new neutral bosons at high di-lepton
mass using A.

sinZ0,: precise measurement with ~1 fb-! possible.



* Studying Z+ jets is not important only as a background to

Higgs searches but also to improve tagging jet energy scale
in VBf and to get the Higgs boson mass right.

DPS is a new and significant background to several processes
at the LHC (including the #iggs boson) and DPS
measurements will help in better modeling of parton
interactions. It seems to be measurable with Z+njets events
with ~1 fb-L,

It is time to begin measurements on WW, ZZ which are
important processes along the way to the Higgs boson.

If we can not find the #iggs boson at the L#C, W’s and Z’s can still
be useful in providng clues about alternative symmetry breaking
mechanisms.

We are exploring the surroundings of EWSB and trying to investigate

EWK bosons in all aspects before we try to attack the problem of
#iggs boson and its mass...
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