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Abstract

This paper investigates the transverse momentum and jet differentss-seation of singleZ and W boson events with
simulations using the Pythia 6.4 generator. This includes the effects whgadifferent parameters within the simulation, and
the effect that ATLAS tuning to QCD data has on these events. The vari#tion and the intrinsic momentum were found to
change the distribution by up to 20% and 40% respectively. The ISR momentum cutraffintrinsic momentum cut-off were
found to have little effect. The tuned simulations were found to give varsasglts for different PDFs with differences of up
to 30%. The LO PDFs gave lower cross-sections than the MC adaptedTdme8/1C adapted PDFs were found to give a large
amount of extra jets at low transverse momentum.

1 Introduction

In high energypp collisions intermediate vector bosons are formed by therattion of partons within the proton. The produced
boson subsequently decays to produce other particles.ddtie hature of the parton distribution function (PDF) andX@ifects
such as initial state radiation (ISR) the boson is producéuatransverse momentum component along the beamylinje This
transverse momentum allows these QCD effects to be studieddxperimental data, and using Monte-Carlo simulations.

There are two sources of the boson transverse momentunt.ofalf the partons have a momentum within the proton rest
frame, so even if the two protons have exactly opposite mesriiiere can be an excess transverse momentum of the boson. It
is when the sum of the colliding parton’s momenta has a compoaiong the beam line that the produced boson has traesvers
momentum. This contribution is known as the intrinsic motnan The other effect comes from the ISR. If an incoming quark
first radiates a gluon before the main collision, the gluamiea away some of the momentum causing the quark to recbis T
momentum can be in any direction, so it contributes to thestrarse momentum. Due to confinement the gluons must undergo
hadronisation, and therefore will create jets.

This paper investigates the transverse momentum and jétigtion from singleZ andW boson decaying to leptons events
generated in Pythia 6.4. First the effects of changing patara related to the ISR and the intrinsic momentum of theopar
within the simulation are investigated. The other sect®ari how recent ATLAS tunes to pure QCD data affect the trassve
momentum and jets in single vector boson events.

The next sections discuss previous experimental data am@Vvents are simulated using Monte Carlo generators. ThetEve
Generation section describes specific details of the paesmeelating to this paper. Following this are the resuits discussion
of both the parameter variation and generator tuning.

1.1 Measurements

The Z boson transverse momentum was previously measureéin- 1.8 TeV pp collisions at Tevatron by the CDF and DO
experiments. These used samplesZof+ eTe™ events to reconstruct the momentum of tfidooson. The features of the
electrons produced by & boson decay are distinctive, as they usually have largetease momenta, large angular separation
from each other and from other products from the interactidhis allows them to be distinguished from electrons preduc
by other processes by performing cuts on the data. Backdreuents that pass these cuts are estimated using Monte-Carl
simulation so that only the electrons frofh boson decays remain. Both experiments found the data agritedhe QCD
predictions [1] [2].

Since these measurements a similar study has been donelad@asingpp collisions at\/s = 7 TeV where a largepr
range could be measured. This used a similar method to find theson events. Here botit ¢~ pairs andu™ 1~ pairs were
used. A good agreement with various event generators wasl &].



1.2 MonteCarlo Simulations

Monte-Carlo simulations are based on both perturbativautations and phenomenological models. Event generataniswging

a method called factorisation. They do not simulate theement in one step, but split it into separate parts. Thass pre
considered sequentially, with some using output from eviparts of the event. This allows the parts to be handleiferent
ways. Forpp collisions processes such as the hard collision, where tmentum transfer is high can be caclulated up to a
certain order in perturbation theory. However, in additionhe hard process there is the parton shower where gluansaoks
are radiated that cannot be calculated perturbatively.aStfisation theory means that the hard process can beasegpdom
the showers. The non-perturbative parton shower is destribing phenomenological models that are tested by howthesil
agree with data [4].

1.3 PDFs

An important input to the simulation is the PDF. The PDF deiaes the density distribution of the partons within thetpno
There are a range of PDFs available, which are mostly exlfodm lepton proton collisions at HERA. These PDFs are ased
the LHC. The parton shower, multiple parton interaction®(Mand the nature of the intrinsic momentum are all seresttivthe
form of the PDF.

For a particular PDF the parameters within the simulationtoatuned to give a better agreement with the data. This paper
uses the A*T2 tunes from the ATLAS group that are based onfdatathe Tevatron ang/s = 7 TeV LHC results. These used
data that was available at both experiments, which was tiet dngular decorrelation, the jet shapes and track jghfientation
[5]. Further details of the PDFs used in this study and onuhe parameters are discussed in the next section.

1.3.1 Leading Order PDFs

Leading order PDFs are made based on theoretical calaudatiod experimental data. It is known that for high momentum
fractions there are higher order effects that become sigmifithat are not included in LO PDFs. As the data will of ceurs
include effects from all order the PDFs must be modified sbtthey agree with both theory and experiment. This is done by
a method called global fitting which first of all writes the fmar distribution function in terms of a trial set of parameteThe
PDF is then generated for other scales of parameters andacethfp data to find which one is the best. This type of PDF is a
standard one to use within LP generators [6].

1.3.2 MonteCarlo Adapted PDFS

The modified leading order PDFs are designed specificallydemithin LO Monte-Carlo generators. They attempt to mitinéc
behavior of NLO generator by using some NLO calculationdqsaasfor the QCD coupling constant to improve the agreement
with data. Some parts however can only be calculated to L@mvihe generator. They are designed to behave like a LO PDF fo
low momentum fractions, but more like a NLO PDF at high moraenfractions where the LO calculations do not fit the data.
To improve the LO PDF behavior it was found that more gluonsawequired at a higher momentum fraction. To do this these
PDFs allow a relaxation of the momentum-sum rule so that nmbume is not always conserved. The MRST PDF modifications
are based entirely on actual experimental data, where&T08MC2 simulated LHC data from another PDF is also used. The
difference between the MRSTLO* and MRSTLO** PDFs is that MRSTLO** does not use the standard QCD scale [7] [8].

2 Event Simulation

The event simulation in this paper is based\gsn = 14 TeV pp collisions at the LHC. The events are modelled in Pythia 6.4
for all parts of the simulation. The events analysed arelsifigor W boson production with decays into leptons only. Cuts are
applied on the psuedorapidity)( < 2.4), lepton transverse momentupy{ > 20 GeV) and boson mas8i(< mz < 116 GeV)
which are the same cuts used in reference [3].

The event generator used for all of this paper is Pythia §,4a[8ading order generator. Pythia allows the user to ahang
wide variety of parameters within the simulation which n&kédeal for this study. Events are recorded and analystdmthe
HEPMC analysis tool.

A total of five different PDFs are used in this study; the AMBTIOTEQ6L1, CTO9MC2, MRSTLO** and MSTW2008LO.
AMBT1 is atuned version of MRSTLO*, so parameters listedff®STLO* also apply to AMBT1. CTEQ6L1 and MSTW2008LO
are standard leading order PDFs, whereas AMBT1, CTOOMC2RETLO** are modified leading order PDFs.

2.1 Parameter Variations

Using the tuned CTEQG6L1 PDF (see next section), parametenes ehanged to see how they affected the transverse momentum
distribution and jet production. These parameters are us#te tuning so it is important to see their effects. The paaiers
which are changed are summarised in table 1. Sets of 300 @d@sewere used for this section.



Table 1: Settings used for parameter variations.

Parameter

Scaling of1/a;

pr Minimum cut-off
Intrinsic Momentum

Intrinsic Momentum maximum cut-of]

Pythia 6 Settingl Range Used
PARP(64) 0.5t02.0
PARP(62) 0.5t02.5 GeV
PARP(91) 0.5t0 4 GeV

f  PARP(93) 5.0to 20 GeV

2.2 ATLASTunesfor Various PDFs

For a particular PDF the parameters within the simulationlmtuned to give a better agreement with the data. This pesesr

the A*T2 tunes from the ATLAS group that are based on data fteenTevatron and/s = 7 TeV LHC results. These used

pure QCD data that was available at both experiments, whahthe di-jet angular decorrelation, the jet shapes an#l jesc
fragmentation [5]. Further details of the PDFs used in thigy and on the tune parameters are discussed in the neitrsect

To compare the effects of the transverse momentum tunemuersf the PDFs are used. For these sets of 500 000 events

were generated. The tunes used are from reference [5]. hieradin settings are summarised.

Table 2: ATLAS tuning parameters.

PDF PARP(62) | PARP(64)| PARP(72)
CTEQ6L1 1.13 0.68 0.53
MSTW2008LO|  1.26 1.11 0.49
MRSTLO* 2.29 0.57 0.42
MRSTLO** 2.17 0.60 0.43
CTO9MC?2 2.20 0.73 0.36

The parameters changed are PARP(62) which is thepiSBut-off, PARP(64) the ISR scale factor an and PARP(72) is
the Agcp for final state radiation showering from ISR partons. For embetails please see reference [5].

3 Resultsand Discussion

3.1 Parameter Variations

3.1.1 Strong Coupling Constant a;
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Figure 1:Z pr differential cross-section for the scaling®f, (a) is for< 25 GeV and (b) is the whole distribution.



The value of the strong coupling constantwas scaled by different values. The transverse momentumsstinat changing
as does have an effect. The ones with an increasgdive larger momentum at the high end and a lower momentumaat lo
transverse momentum. This is due to the effect thahas on the initial state radiation. Having a larger strongptiog means
that the probability of emitting a gluon before the main isidin is higher, so there is an excess for the high end of theemtum.
The reason that the low momentum end that the different@dsesection is reduced is that all of the data sets have the sa
number of events. So having more at one part must mean tisatanipensated for elsewhere.

Changingas therefore affects the whole distribution. The effect of tmenpensation means that it is useful for chaning
increasing one side while reducing the other. The overfdtegives a range af5% at the high end and up t620% at the low
end, so it has the largest effect on the low part of the digtion even though the transverse momentum from ISR is atihess
whole momentum range.
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Figure 2: Jet differential cross-section for scalinghof
a also has a small effect on the number of jets produced. Ar&ser gives a slight increase in the amount of jet prodcution
for both one jet and multi jet events, and vice verse for aeks®dy,. This effect is only 5-10% for up to three jets, and the
larger difference for four jets is due to low statistics. §hieans that it is not a good parameter for changing the jeluptmn.

However this is quite useful as it means that the transverm®aentum distribution can be changed usingwithout affecting
the jet production too much.

3.1.2 ISR pr Cut-off

Table 3: Full cross-section of CTEQG6L1 for ISR cut-offs.

PARP(62)] o (nb)
0.5 5.041
1.0 5.026
1.5 5.031
2.0 4.950
2.5 4.872

Changing the ISR momentum cut-off was found to have an infleem the cross-section when the cut-off was increased.
For a cut-off of 2.0 and above the cross-section starts teedse slightly, whereas below this value it remains constahis
indicates that the high cut-off starts to reduce the numbevents.
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Figure 3: Z pr differential cross-section for the variation of the ISR cut-off, (a) is for< 25 GeV and (b) is the whole
distribution.
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The effects of the minimupr cut-off on the ISR does not have a significant effect on thestrarse momentum distribution,
even though it does affect the cross-section slightly. poissible that the two highest cuts are slightly reducedadlyeiue to the
cross-section, however this is not clear even with the higtagistics used here.
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Figure 4: Jet differential cross-section fer cut-off variation.

There is also no large effect seen on the shape of the jethdiitm, which is expected if the momentum is the same.
However here it is possible to see a slight effect from thesisection, as the increased plots are lower than the others by a
small amount. The lack of effect that this has on the distitims is surprising as it was one of the parameters used ituttieg.

Intrinsic Momentum
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Figure 5: Z pr differential cross-section for the variation of the insim momentum, (a) is fox 25 GeV and (b) is the whole

distribution.

Varying the intrinsic momentum has a large effect on the kivend of the transverse momentum. The difference is as
large as 40% for increasing and 30% for decreasing the gi¢rimomentum. However when looking at the distribution abov
approximately 15 GeV there is no difference at all. This igepted as the intrinsic momentum does not affect the ISRikic
what gives the transverse momentum at this energy. For #s®where the intrinsic momentum is increased, the redubttw
5 GeV is compensated by an increase between 5-10 GeV. Thisvuggnthe peak of the momentum distribution to a higher

value.

Therefore this parameter gives a good way of changing omydtv part of the transverse momentum distribution while
keeping the high momentum part the same. The slope on thieded side of the peak is affected the most over only a few bins
and to the right of the peak the effect is spread over a widegaa

The intrinsic momentum was found to have no effect on thegetidn of jets as would be expected, so is not shown.
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Figure 6:Z pr differential cross-sectior 25 GeV for variation of the intrinsic momentum cut-off.

The ISR maximum momentum was found to have no effect.
however for the increased ones they were exactly the santeddtGeV default value. This indicates that there is pogsibl
problem within the simulation causing this to not be setectty.

For acestl maximum there was statistical differences,



3.2 PDF Tunes

The tuned PDFs from reference [3] are compared for bothaifigind singlél’ boson production. The results are compared to

the AMBT1 tune, which is a tuned version of MRSTLO* that déises the data well.

3.2.1 Cross-sections

Table 4: Cross-section of tuned PDFs.

PDF Z o (nb) | W o (nb)
AMBT1L 5725 | 19.40
CTEQ6L1 5022 | 1821
MSTW2008LO| 5.261 | 17.26
MRSTLO** 5353 | 18.02
CTO9IMC2 5946 | 20.23

It was found that the cross-section of theand ¥ production differed significantly between the differentf®D Variation is
expected as the PDF affects the initial state of the colijdiadrons however a difference of up to 15% is larger thanaggde
It can be seen that the two LO PDFs have the lowest crossasaind that the three modified LO PDFs are higher forzhe
However forlW boson production the MRSTLO** cross-section is lower thae LO PDF CTEQG6L1. It is expected that the
MC adapted PDFs give a higher cross-section, so it is untisatthe MRSTLO** is nearer to the standard LO PDFs.

This is expected as they are designed to take into accouhtgher order effects, which would increase the cross-@ecti

3.2.2 Transverse Momentum Distribution

> [ T 13 sl —
F i m 3
S, ..F o -+ 4&%? +AMBT1 40 E +AMBT1 =
2 oqa— — 3 o i
2 = o+ ‘f‘u,+ 4-MSTW2008LO | & ,'ﬁ --MSTW2008LO ]
= C i - 1 0.25 -
& o~ e CTEQ6L1 . _gt CTEQ6L1 -
ke = s ! ) ] J
5 Eo T - "MRSTLO** = E - MRSTLO™ m
B [ H ; —
01— - ﬁ‘** CTO9MC2 ] 02 CTO9MC2 =
E o e i ,
- - T — -
— = =+ — |
0.08—"' - T - o015 =
Co T E .
0.06— ' [ e - -
- .“”j?_f L 5 0.1 -
0.04 ! Tl 7
= T = 1
E - 0.05 -
0.02 | — :
ol | - | | | 7 0 Bl i o e e e |
( 5 10 15 20 25 80 90 10!
= 115 A —_
Eoabe e 13
S 1.05(— - —- 2 12 —
1 g - o
< oes- - = — <
w 09— - = S w1 B
g oss— T R ooef— : m s
) i X R . - i
0.75— — 08— - [P 0 i o A=
0.7~ . . , — 2 , S
5 10 15 20 07, 70 20 30 70 50 50 70 80 50 T
Zp,[GeV] Zp, [GeV]
@ (b)
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The choice of PDF can be seen to have a significant effect oinghsverse momentum ditribution, which is due to the PDF
affecting the ISR and the intrinsic momentum of the partdirise effects are very similar for bothi and W bosons, with only
slight differences of the particular values but the same@staad behaviour of both.

The largest variation between the tunes is at the lowest etigedransverse momentum distribution. Here the MRSTLO**
PDF gives similar behaviour to the CTEQ6L1 PDF, but they &% and 20% below the AMBT1 tune respectively. By the 15-20
GeV point both of these have flattened out, but the MRSTLO*gto 5-10% above the AMBT1 values whereas CTEQ6L1
stays 10% below. For MRSTLO** this implies that it is good atluding the higher order effects but does not behave like a
normal LO PDF at low momenta.

The MSTW2008LO PDF shows different behavior to the otherstdtts out above AMBT1 then decreases to a value that
is 20% below at the high end. This is most likely due to theeddhta; scaling that is used, as MSTW2008LO is the only one
which decreasea;. This leads to less ISR giving the lower value at high trarsvenomentum. The excess at the low end is
then due to the normalisation effect, as the under estimale digh end must be compensated for.

CTO9MC?2 is the flattest of the compared PDFs, and only differss AMBT1 by 5-10% over the whole distribution. This is
the closest fit to AMBTL1. The slight over-estimate above 6 @ewuld be compensated for by changing thescaling.

Overall the modified LO PDFs give a better fit to the AMBT1. Tisiexpected as AMBT1 is also a modified LO PDF. This
does imply that they are a better fit to the data than the reg@&DFs, as AMBTL1 is a good fit to data. This is partly due tarthe
cross-sections being closer to that of AMBTL1 than the LO POFthe cross-sections of the CTEQ6L1 anbd MSTW2008LO
were higher (while keeping the same shape) then espectalig &igh end they would be a better fit.

To determine how much of an effect the cross-section had erditribution, theZ plots were normalised again to the
number of events, so that the area of the histogram is one.
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Figure 9: Z transverse momentum distribution for tuned PBéignalised to one, (a) is for 25 GeV and (b) is the whole
distribution.

The largest difference from before is seen in the standard®DBs as expected. The CTEQ6L1 PDF is now 10% closer
than before which means that it is a very close fit to AMBTL1 &t ligh end. The difference at the low end is now only 10%
below. As MSTW?2008LO was partly above and partly below AMBMh& hew normalisation improves the part that was below
AMBT1, but makes the part that was above worse. This sugtfestCTEQ6EL1 gives a good shape for the distribution, but jus
under-estimates the cross-section. MSTW2008LO still haetfect of then, scale from before.

The modified LO PDFs were not affected by this as much, bedheyealready had more similar cross-sections to AMBT1.
CTO9MC?2 is slightly further away below 10 GeV but is closeoa. This is again a good indication that it is the correcpgha
MRSTLO** is similar to MSTW2008LO, as it was partly above anarly below AMBTL. In this case however the low end is
brought closer and the high end is moved futher away. The siege on the ratio plot for this PDF means that it is not gjvin
the correct shape for the distribution.

3.2.3 Jet Production
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Figure 10: Jet differential cross-section fér(a) andiv (b).

The number of jets shows a clear difference in the behavithef.O PDFs and the modified LO PDFs for béth and Z
boson events. MRST2008LO and CTEQ6L1 produce a similar enmmjets to AMBT1, however the MC adapted PDFs show
large differences. The adapted PDFs give a larger differéioen AMBT1 the higher the number of jets. For zero jet prdauc



the MRSTLO** and CTO9MC2 PDFs are actually quite close, hasveat four jet production the differences are just over 60%
and just below 50% respectively. CTEQ6L1 starts about a 18ksbthen moves to the same value as AMBT1 for three and
four jet production. MSTW2008LO shows the opposite behagetting further away from AMBTL1 for higher bins. This could
again be due to the different, scaling of MSTW2008LO. Even though the LO PDFs have diffeceass-sections to AMBTL1,
they are quite close.

To see which jets were causing the excess, cuts on the minjeturomentum were done.
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Figure 11:7 jet differential cross-section for tuned PDFs, (a) is:fot0 and (b)> 60 GeV.
o, 1= F =
£ 121 1 AMBT1 12 -+ AMBT1 m
173 = ] — ——t—— —
ZE’ L immmmmmmm s - -MSTW2008LO _ 310 L jmmm oo - MSTW2008LO —
C 1z L i
3 L - CTEQ6L1 12 L i~ CTEQ6L1 ]
°r - "MRSTLO** 4 © 8 — | - MRSTLO™ —
8 CTO9MC2 ] - | CT09MC2 -
r ] L | i
I~ | 6— R R ]
61— — - i B
S | o C | N
41— ] 4 —
C | 7] L T -
21— [ERETEEEEett kSt st — 2 T i ]
C [T -] L e =
ol Ly Ll Ll L b T e ol | Ll Ll Ll Ll
0 1 2 3 4 0 1 2 3 4
E 13 E 13
= 12— ] s 2= ]
<1A— — < 11— —
oo P T
W 1 o ———————— - w 1 —
/Y N et S T e
ao9— — E 09— n i —
08— L s = ] i =
0.7 g 5 5 3 ) 0.7 by T ; 5 3 4
Number of Jets Number of Jets
() (b)

Figure 12: W jet differential cross-section for tuned PD(@3,is forpr > 40 and (b)> 60 GeV.

The cut for jets> 40 GeV gives a significant improvement from the standard plotdoth. For the CTO9MC2 and
MRSTLO** PDFs the four jet production is now just over 20%fdient from AMBT1. There is a further improvement for
the 60 GeV cut but only of a few percent. The CTEQ6L1 and MSTV82@do not show any large differences from before.

Therefore it is the low transverse momentum jets which causs of the difference in the modified LO PDFs. The modified
LO PDFs are designed to give more partons at a higher momenaetion, which are more likely to give off ISR and produce
extra jets. The high momentum jets usually come from padicélating to the main event, so the cuts include less ofetise |
produced by the ISR which are therefore the ones giving tira gxs.
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4 Conclusion

The parameter variations showed that theand intrinsic momentum scaling had significant effects anlibson transverse
momentum. Thex, affected the whole distribution whereas the intrinsic motam only affected it below 15 GeV. The,
variation only has a minimal effect on the jet production #melintrinsic momentum has no effect. Therefore these petens
are useful for tuning to the transverse momentum. gheut did not significantly change the transverse momentunetsr |
although it did start to reduce the cross-section for thédniguts. Decreasing the intrinsic momentum cut-off didaffect the
distributions apart from statistical changes, and inaénggis did not have any effect at all suggesting a problem ik setting
inside the simulation.

The transverse momentum and jet distribution was investijeor the ATLAS tunes that were tuned to other data. The five
PDFs tested gave significant differences in the transvemaentum and jet differential cross-sections for both srigland
W boson events. For the transverse momentum it was up to 30%mtal60% for the jets. The MC adapted PDFs behaved
differently to the LO PDFs, with CTO9MC2 being very close e tAMBT1 tune used as a standard. The cross-sections of the
CTO9MC2 and AMBT1 PDFs were the highest, which is closer teament with a NLO calculation. However CTO9MC2 and
MRSTLO** gave a large amount of extra jet production. By loakonly at higher momentum jets it was found that these extra
jets were mostly at low transverse momentum. The LO PDFs aMBRL did not show this behaviour.

By including the transverse momentum and jet differentiabs-sections in future tuning the models used in the sitionla
can be constrained further so that they agree with more $dtta.
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