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Abstract

An examination of the importance of W production at LHC has been performed.
Rates for several different production mechanisms were calculated and it was determined
that single W production via Drell-Yan is the dominant production mode for high energy
hadron colliders. Each LHC experiment can be expected to produce approximately
1.8x10® W per day at design energy and luminosity. In light of these high production
rates, the usefulness of each W source and the difficulties it can cause have also been
discussed.
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1 Introduction

The Large Hadron Collider (LHC) will be the highest energy particle collider in the world
producing proton-proton collisions at a centre of mass energy of 14 TeV. The high energy
and luminosity of LHC will produce a variety of interesting physics signals. The detection
and analysis of these signals will take place at two general purpose experiments, ATLAS!
and CMS?.

At the high centre of mass energy of LHC, very heavy mass states can be produced and
the decays of many of these states will involve the production of one or more W bosons.
Alternatively, many interesting signals will have backgrounds that involve W. Therefore,
understanding W production at the LHC is an important issue for detecting signals and
understanding backgrounds. Of course, using the LHC’s large rate of W production to
study the properties of the W is a worthwhile goal in itself.

This paper examines several of the most important production mechanisms for W at the
LHC. These include single W production (Drell-Yan), W produced from tt decay, W pair
production and WZ production. The relative importance of each production mechanism
is analyzed with respect to production rate, usefulness as a signal and difficulties as a
background.

Following this introduction is a brief introduction to the Standard Model of particle
physics to provide a context for W production. The third section emphasizes the necessity
of good W reconstruction for many physical processes at LHC. In the fourth section, four
different W production mechanisms at LHC are described in some detail. The final section
presents the conclusions of the paper.

2 Standard Model

The Standard Model is the most successful description of particles and their interactions yet
developed. It describes matter as being made up of three types of fundamental particles:
leptons, quarks and mediators [1]. The leptons and quarks are represented in Table 1.
The model is built on three local gauge symmetries generating the three fundamental
forces relevant to particle physics. The three symmetries are the colour, weak and hyper-
charge symmetries associated with the strong, weak and electromagnetic forces respectively.
Each of these forces requires a mediator. The strong force is carried by 8 neutral, massless
particles called gluons, while the electromagnetic force is carried by the neutral, massless
photon and the weak force is carried by 3 massive particles: the Z°, WT and W~. These
mediators complete the list of known fundamental particles® in the Standard Model.
Among the force propagating bosons, the mediators of the weak force (W*,Z) are unique
in that they are very massive. The mass of these particles accounts for the short-range
nature of the weak force. The Higgs boson, which is the last remaining undiscovered particle
required by the Standard Model, couples to mass and will, if sufficiently massive, decay
primarily through W and Z. However, the Higgs boson is not the only heavy standard
model particle which will decay primarily through the weak gauge bosons. The top quark
decays to Wb pairs virtually 100% of the time. This means that for Standard Model Higgs
searches and for top physics studies at LHC it is vital to understand sources of W.

1A Toroidal LHC ApparatuS
2Compact Muon Solenoid
*The Higgs boson is another possible particle for this list, but its existence has not yet been confirmed



Mass Charge | Family
(GeV) (e)
QUARKS
d 0.005 to 0.015 | -1/3 1
u 0.002 to 0.008 | +2/3 1
$ 0.100 to 0.300 | -1/3 2
c 1.0 to 1.6 +2/3 2
b 4.1 to 4.5 -1/3 3
t 17546 +2/3 3
LEPTONS
e 0.0005 -1 1
Ve <0.000007 0 1
7 0.105 -1 2
vy <0.00017 0 2
T 1.78 -1 3
7 <0.00024 0 3

Table 1: The fundamental particles of the Standard Model.

3 Importance of W at LHC

There are several ways to produce W at LHC. Table 2 illustrates the rates of several of
these W production mechanisms. This table shows that single W production via Drell-

Process Cross Section (nb) | Events/Day (L = 10°ecm™%s™1)
Drell-Yan 209 1.81 x10°
tt 0.929 8.02 x10°
wWw 0.101 8.70 x10%
WZ 3.92 x10~2 3.38 x10%
WH 6.00 x10~° 5.18 x10°
My = 80 GeV
H-WW 1.90x10~* 164
My = 600 GeV

Table 2: Predicted rates of W production at LHC (with K factor of 1.33, see text). WH
signal assumes a Higgs mass of 80 GeV, H-WW assumes a Higgs mass of 600 GeV.

Yan is the dominant channel and that the rate of W production at LHC is very high. It
also demonstrates that some of the interesting physics channels such as heavy Higgs boson
production have rates which are smaller by large factors (eg. 10°) than other W sources.
This large rate of W production is one of the reasons why understanding W production
is important at LHC. Many physics signals of interest at LHC will proceed through W
decay. Furthermore, the large rate of W production allows for precise measurement of W
properties. Finally, W production can be a background to many important physics searches



at LHC and must be understood. In this section, three aspects of W production will be
examined: W as tag for a physics channel of interest; W itself as the signal of interest; and
W as a background source for physics channels of interest.

3.1 W as Tag for a Physics Channel of Interest

Many physics channels of interest at LHC involve the production of one or more W bosons.
Two of the important Standard Model particles to be studied at LHC are the Higgs boson
and the top quark. This section describes the relevance of W physics to these signals.

In Standard Model Higgs searches, there are several different signals to search for. The
most promising channel depends strongly on the Higgs mass. For the light Higgs (80 GeV
< Mp < 180 GeV) two of the important Higgs production channels are WH production
and Htt production. Each of these signals will involve the production of at least one W
(tt most often decays to 2 W and 2 b quarks). For the heavy Higgs (180 GeV < My <
1 TeV), the decay with the largest branching ratio is H—WW which will occur nearly 70%
of the time. This means that W reconstruction is necessary or useful over the entire Higgs
mass range attainable at LHC.

When studying top production and decay, an understanding of W sources is vital. The
top quark will decay almost exclusively via Wb, so top physics studies in any channel will
require W reconstruction.

For these reasons, W reconstruction is necessary in order to reconstruct signals in both
Standard Model Higgs and top physics studies at LHC.

3.2 W as Signal

In addition to requiring W reconstruction in order to be sensitive to other physics channels
of interest, the reconstruction of W decays can, in itself, provide valuable information about
the Standard Model.

Using W production as the signal of interest at LHC can provide measurements of W
boson parameters such as its mass. By the time the LHC starts producing collisions for
physics, it is expected that LEP II will have been able to measure the mass of the W to
within 40 MeV and that Fermilab will have been able to further improve this precision to
35 MeV|[2]. It has been estimated[2] that the LHC experiments can be expected to improve
this measurement to better than 15 MeV.

In addition to providing information about the W boson itself, W production can be
used to test the gauge boson couplings in the Standard Model. W produced with another W
or Z boson can provide a test of three-vector boson coupling[3]. These signals can indicate
the presence of non-standard physics and provide insight into the structure of the Higgs
sector[4].

3.3 W as Background

W boson production is a major source of background to many processes at LHC. As men-
tioned previously, several important physics channels, including Higgs and top decay, pro-
ceed through W. Of course, this means that W production from other sources are major
backgrounds to these signals. For example, Table 2 shows that the rates for Drell-Yan,
tt , WZ and WW are large compared to the rate of production of the Higgs signals. In
many cases, some form of W production is the single greatest background problem for these
signals.



4 W Production Mechanisms

In this section, four different mechanisms for producing W at LHC are presented. The cross
section (as calculated in PYTHIA [5]) for each of these processes is shown as a function
of centre of mass energy in Figure 1*. This figure illustrates the very high rate of W
production expected at LHC, estimated at more 2 x 10! W/year. This plot also shows
that the dominant W production mechanism over the entire energy range (~ 600 GeV —
20 TeV) is single W production via the Drell-Yan process.

A large uncertainty in the cross sections shown in this section is the choice of parton
density function (pdf) set used in the calculation. To illustrate the problem, consider
Figure 2 in which the cross section for the Drell-Yan process is compared for four different
pdf sets. The resulting cross sections vary by up to 30% at LHC energy depending on the
choice of pdf set. Unless otherwise stated, the pdf set used in this paper is CTEQ2M [6],
which is one of the sets currently preferred by the CDF collaboration®. The default set in
PYTHIA 5.7 [5] is CTEQ2L[6], which is also shown in Figure 2.

It should be noted that these plots show cross sections without applying even level 1
trigger cuts. In reality, at a high luminosity hadron collider such as LHC, certain cuts will
always need to be made in order to reduce the data rate to a manageable level and to
reduce the data set to a reasonable size. One of the most important cuts of this nature
which will be used at LHC detectors is a minimum transverse momentum cut. This type
of cut is useful because the vast majority of the physical processes of interest will be hard
scattering (high pr ) events. Therefore, a simple pr cut can be of great value in reducing
the background of so-called minimum-bias events. The standard pr cuts made to reduce
minimum-bias background at LHC detectors could potentially influence the relative rates
associated with W production. However, in the case of the signals shown in Figures 1 and
2, applying ATLAS level 1 trigger cuts[7] has only a small effect on the relative rates.

4.1 Drell-Yan

The W production mechanism with the highest cross section at LHC is the Drell- Yan process
represented by the Feynman diagram in Figure 3.

The cross section for this diagram can be calculated directly. The cross section of the
corresponding elementary process is given by:

o G )

(g7 — W) = 27r|qu'|2\/_ng2V5(8 - Myy)- (1)
Using the Parton Model one can then obtain

do 27 G _

Gy W) = K5 3 Vag faiajales Miy)7 (2, Miy) (2)

0.4
where y is the rapidity® and z; and z; are obtained from:
My
Lij = NG
B

‘Each of the curves in this figure are multiplied by a factor of 1.33 to account for 1st order QCD
corrections. In reality, a “K factor” of 1.33 is only correct for the Drell-Yan process, for each of the other
processes the factor should be slightly different. However, for the purposes of this paper, the same constant
has been applied to all signals.

SCDF is the Collider Detector at Fermilab, a general-purpose experiment at the Tevatron (currently the
world’s highest energy collider).

by = In[(E + P1)/(E — Pr)], where Py, refers to longitudinal momentum.

etV




W Production Cross Sections in PP Collisions
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Figure 1: The cross section curves for W production by 4 different processes in pp collisions
are shown. Full circles represent the Drell-Yan process for pp collisions and empty circles
are actual experimental results from pp colliders[8][9]. Cross sections were calculated using
PYTHIA 5.7 [5], a K-factor correction of 1.33 was applied to the results. Here an LHC year
is assumed to be 107s.

LHC Events/yr (L = 10**cm™s™)



W+ Drell-Yan Cross Sections in PP Collisions
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Figure 2: The cross sections for W production by Drell-Yan in pp collisions using 4 different

sets of parton density functions.
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Figure 3: The Feynman diagram for W production via Drell-Yan process at a pp collider.

The final result for the total cross section is obtained by integrating over the kinematically
allowed rapidity range (determined by x; ; < 1)

Vs Vs

0
—1In M <y<ln M
A derivation of these formulae can be found in Appendix A.

Using the above results, the cross section for WT production can then be obtained for
a given set of parton density functions. Figure 4 shows the cross section curve for W+
from Drell-Yan as produced by Monte Carlo compared to the cross section resulting from
the direct calculation above. The curves shown were both produced using the CTEQ2M [6]
parton density function set. The agreement between the calculated and Monte Carlo values
for the cross section over the entire energy range under study is verified.

The Drell-Yan process has a cross section of 209 nb (using K = 1.33) at 14 TeV centre
of mass energy. This means that at high luminosity (10%* cm=2s7!), 1.8 x 10®° W will be
produced each day via Drell-Yan. This high rate of production would appear to make this a
promising channel for the study of W physics at the LHC. However, since W will decay to 2
jets about 70% of the time, all processes that produce at least 2 jets will be a background for
W production via Drell-Yan. The cross section for jet production at LHC is approximately
10° — 10° times larger than the cross section for Drell-Yan W production. This means that
without a powerful tool for identifying W produced via Drell-Yan, this jet-jet signal will be
completely swamped by QCD sources of jets.

Since the Drell-Yan process creates only the W and no other good “tagging” particles,
a thorough knowledge of the characteristics of the W and its decay products are the only
ways to distinguish the signal from the background. Figure 5 shows that the leptonic decay
products of a Drell-Yan W have, on average, a much lower transverse momentum than
the decay products from other W sources. These low py values mean that these particles
will not be easily distinguishable from the “sea” of low pt jets produced in proton-proton
collisions that can fake a lepton signature. Nonetheless, in the case of leptonic W decay
this distinction should be made at the LHC experiments and, for this reason, the Drell-Yan
W will be reconstructed primarily through its leptonic decays.



W+ Drell-Yan Cross Sections in PP Collisions
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Figure 4: Cross section comparison of PYTHIA and direct calculation.

Figure 6 shows the pr distribution of the W produced by the Drell-Yan process in
relation to W produced by other processes. Though the experiment will directly measure
the decay products of the W and not the pt of the W itself, the pr of the W is, nonetheless,
an interesting quantity. Previous Monte Carlo based studies [10] show that low pt W are
much more difficult to reconstruct from jets than are high pr W at ATLAS. These studies
show that for ATLAS, the mass resolution of low pt W is 50% worse than for high pt W.
Pileup effects at high luminosity, which worsen at high pseudorapidity and low transverse
momentum, make the situation even worse, substantially degrading mass resolution of low
pt W. So, even if it is possible to somehow distinguish these W from their backgrounds,
they are not the best candidates for precise measurement of the properties of the W.

Since W from Drell-Yan is difficult to reconstruct in the jet-jet decay mode, only the
lv channel provides considerable promise for reconstructing W produced by this process.
Using this signal, it has been estimated that the W mass can be reconstructed with an
uncertainty of less than 15 MeV at LHC[2]. This will then be the best measurement of the
W mass available.

4.2 tt

Another important W production mechanism at the LHC is W production from top decay.
The dominant top channel at LHC is tt production (represented by the Feynman diagrams of
Figure 7) which has a cross section approximately 5 times[11] that of single top production.

LHC is sometimes referred to as a “top factory” due to its large rate of production of
top quarks, with a cross section of 0.93 nb (using K = 1.33). This means that at high
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Figure 5: Normalized p7 distributions of the highest pr lepton from a W for each production
mechanism. Calculations were done using PYTHIA 5.7 [5].
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Pt of the W
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Figure 6: Normalized p distribution for W produced via 4 different mechanisms in 14 TeV
pp collisions.
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Figure 7: The tree level Feynman diagrams for tt production at the LHC.
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luminosity (10%>*cm=2s71), 8 x 10° tt pairs will be produced each day. Since top decays to
Wh virtually 100% of the time, an equal number of W pairs from tt decay will be produced
daily. This high rate of production leads to two important conclusions: 1) understanding
sources of W at LHC is essential for doing top physics; 2) tt is a major source of high pt W
at LHC, making it a serious background to many physics processes expected to proceed
through W decay.

There are several factors which make reconstruction of W produced via tt more promis-
ing than W produced via Drell-Yan. Most importantly, there are now powerful constraints
which were not present in the Drell-Yan signal, such as the top mass and the fact that there
are two W in the event. Since the mass of the top is already known to 3.4%, its value can
be used to identify Wb pairs that come from top decay. Another constraint on W from
tt is the presence of two b-quark jets in every event. If one or both of these b-jets can be
tagged, backgrounds to this signal could then be reduced.

Even without these new constraints based on the particle content of the events, tt has ad-
vantages over Drell-Yan. From Figure 5, we see that leptons from the decay of W produced
via tt have a harder py distribution than that of Drell-Yan. Leptons from a W produced via
tt have a greater chance of being distinguishable from the low p1 minimum-bias background
at LHC due to the significant high-pt content in the tt distribution.

Once it has been determined that the reconstructed event contains a W there is another
issue to consider. That is, how well it is possible to reconstruct the mass of the W from
this signal. In the previous section, reference was made to the fact that it has been shown
previously [10] that, in general, better mass resolution has been obtained from the recon-
struction of the decay of high pt W than of low py W. Figure 6 shows that of all of the
W production mechanisms considered here, tt has the largest fraction of events with a high
pt W.

From these considerations, it appears that tt is a promising channel for reconstructing
and studying W at LHC. However, the importance of tt as a W source is not limited to
the study of the W itself. Since it will be one of the most well defined W signals at LHC
and because it is produced at such a high rate, it is a good candidate to be used for in-situ
calibration of the calorimetry of ATLAS and CMS. As well, because of its high rate and
the high py W produced, tt is a major source of background for several important physics
channels, including H—WW.

4.3 W Pair

The third important W production mechanism considered here is W pair production (rep-
resented by the Feynman diagrams of Figure 8). This process has a cross section of 0.10 nb
(assuming K=1.33) at 14 TeV centre of mass energy. This means that at high luminosity
(10°* cm~2s71), 87000 W pairs will be produced each day via WW.

In the Standard Model there are important cancelations in the amplitudes for WHW~
and W*Z" production which rely on the gauge structure of the WWZ trilinear coupling [12].
Looking at Figure 8, one can see that there will be contributions to the cross section
for this process from 7, Z and quark exchange. This means that this cross section is
particularly sensitive to the interplay among the different gauge boson contributions. It
is important to verify that the amplitude for this process behaves as expected [12] and
that these cancelations occur. At LHC, with 100 fb~! it will be possible to place limits on
anomalous WWYV and ZvV couplings which are a factor of 3 to 100 better than one can
expect with the Tevatron or LEP II[13].

13



Figure 8: The tree level Feynman diagrams for W pair production at a pp collider. The
bottom two diagrams represent similar processes with a u-type incoming q (on the left
diagram) and a d-type incoming q (on the right diagram).
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Figure 9: The tree level Feynman diagrams for WZ production at a pp collider

In order to test the electroweak couplings, it is, of course, necessary to be able to
distinguish this WW signal from its backgrounds. One of the major sources of background
to the WW signal is the tt production described in the preceding section. There are, of
course, extra constraints in the tt signal, chief among them the top mass and the presence
of a pair of b jets. These constraints should be very helpful in obtaining a sample of WW
events. The pr distribution of leptons, shown in Figure 5, is helpful in reducing background
from low pr minimum bias events, but is very similar for WW and tt and so would not, in
itself, be a very powerful tool in distinguishing the two signals.

4.4 WZ

The final LHC W production mechanism treated in this paper is WZ production, repre-
sented by the Feynman diagrams of Figure 9. This process has a cross section of 0.039 nb
(assuming K=1.33) at 14 TeV centre of mass energy. This means that at high luminosity
(10°* cm™?s™!') 34000 W will be produced each day via WZ.

As for the WW case, the WZ signal is useful for probing the gauge structure of the

15



electroweak interactions[12]. It is also a source of background for Higgs searches at LHC.
In particular, WZ is considered a serious background source to light Higgs (80 < My <
120 GeV) searches in the WH channel[3] and is one of the backgrounds for heavy Higgs
(180 GeV < My < 1 TeV) in the H—ZZ— [llvv channel. If the Higgs has a mass greater
than 1 TeV, it becomes strongly interacting and in this mass regime WZ is once again a
background source. So, WZ is a Higgs background in some channel over the entire Higgs
mass range available to the LHC.

5 Conclusions

The rate of W production at LHC will be more than 1.8 x10® per day per experiment at full
luminosity. W production is therefore an important component of the physics programme at
ATLAS and CMS. Most of these W are produced singly via the Drell-Yan process. However,
tt , WW and WZ production each produce large quantities of W and can also be important.
In particular, tt is considered the best signal for measuring top mass at LHC and, because
it is a source of high pt W, it is also a background to physics channels of interest. Vector
boson pair production (WW or WZ) provides an excellent opportunity to measure the
Standard Model couplings for the three-boson vertex, and can also act as a background to
top reconstruction and Higgs searches. The high rate will also allow properties of the W,
such as its mass, to be measured to better precision than existing experiments.
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A Drell-Yan Cross Section Calculation

First calculate the cross section for the elementary process q;q; — W using the Feynman
rules. The matrix element is given by

vertex

";m*} g

_—'_igwu — AV uld
./\/l—’v\(/ll2\/§’)’(1 7)1713\(2_2

qi qj

squaring we get

M = V2 (i) (L =77 )uli)) (€307 (L = 77)uld))",

Summing over final states and averaging over initial states introduces a factor of 1/3 due
to colour and 1/4 due to the average over initial spins. The summing is done over all spin
and polarisation states.

M= () (7) X Thmr

spins pol

Evaluating the sum over spins using Casimir’s Trick gives

> IMmP2 = |Vw|2 e [2Tr(v#P7"Bi) + 8ic* P pjapig] .
spins

Evaluating the trace, we find

2**

gee v
D7 IMIP = VP (2 4(059Y + Bt — (b1 -p7)9"™) + 8ie*Ppjapis)|

spins

Evaluating the sum over W polarisations

3
A A Puby
€,€, = —Guv +

> el = g+ 20

e*vB is a totally anti-symmetric symbol whereas the sum over polarisations shown above
gives a symmetric result. Therefore, terms in |M|? containing ¢#*# will not contribute to
the final result and can be discarded.

Therefore,
TAA12 |1/1|292 v v v Puby
M = o= (5w + PP — (P )9 ) (=9 + S 57)
Multiplying and using ¢*”g,, = 4 we obtain
oz - Vil'g 2(p - p;)(p - i) p-p
MP = S " [2pspi+ P R Dy
Next, using p-p = M2 we get
Viil?g® [ 2(p - p;)(p - pi)
= W0,y 22epleepi)], 3)
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Choose centre of mass system

First, find p;- p;:
pi = (E;,0,0,p;.)
pj = (E;,0,0, —pi.)
p=pw=pi+p; = (Ei +E;0,0,0)
E? = |p;|? + m2, neglect quark masses = m? = 0

so, B = |pil”

p; -pi = BiEj + pl, = pi; + pi;

P - Pi = 2P}, (4)
Next, find (p-p;)(p-p;) where p refers to the momentum of the W:

p-p; = (Ei + Ej)E;

p-pi = (Ei + Ej)E;

(p-p;)(p-pi) = (E; + E;)°E;E;
By

E2 = M2 W produced at rest in this frame, [p] = 0

E, =M, =2p;, since E; = p;, = E;

so,
(p-pij)(p-pi) = M_EE;

= M_p;,

_ ag2M2
_Mw—4w

(p-pi)p-pi) =Y. (5)

Substituting equations 4 and 5 into 3 gives

= Vate? [
4-3 2 2
V"|292M2
2 _ | 2] w 6

In order to calculate the cross section from this matrix element, use the Golden Rule
for n final state particles:
1 o i

do — > TMPZ6* (pa + pb — ipz‘) I1

273 (s, m2, m2)(2r)3—* =P oE),
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where

}‘(maya Z) = 332 + y2 + 22 - 2233/ — 2xz — 2yz.

In this case n=1, m, =mj; = 0. Using this gives
1 — d*p

do = ————— | M26%(p, — .

g 2(8)(271‘)_1|M| (p + po p)(2E)w

Evaluating the phase space gives

/d?)—p54(p +py —p) = 6(s — M)
2B, o E w)
Substituting, we get

o = z|./\/l|25(s — M2)
s

1/1,,2 2M2
= Ts— mz) |Vl g M)
s 4-3
Using
8
2 2 2
= —GiM?>and s =M
g \/i F w
we obtain

Gy

27
o(qgg —Wt) = ?|Vij|2\/§

M26(s — M?2).

(8)

Now that we have found the cross section for the elementary process qq— W™, we can use

the parton model to get the cross section for the corresponding process pp— WT. The

parton model yields

olpp—WT) = /dmi/dijQ(ﬂii)?(i”j)&

where & is the cross section of the corresponding elementary process and

8§ = zz;8

V8 = invariant mass of the quark system;

/s = invariant mass of the proton system;

z; momentum fraction of ¢; in Pj;

z momentum fraction of ¢; in P;;
g(z;) = parton density function for interacting quark;
?(JZJ) = parton density function for interacting antiquark;

y = rapidity, defined as 1111 z—z
J

In order to ensure that the integrals are well suited for numerical evaluation (ie. no sharp

peaks in the integrand) we transform the integration to § and rapidity (y) variables using

the following transformation

didy

de;de; =
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The delta function disappears in the integral over § leaving

do —
> Vool eizjg(z:)q (), (9)

_( B 27Z'Gf
dy d
4,9

=3

)

where x; and x; are evaluated at
P — M e
17-7 - ﬁ *
The final result for the total cross section is obtained by integrating over the allowed rapidity

range (determined by x; ; < 1)

—111%§y§1n\/g

w w
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