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Chapterr  7 

Discussion n 

Inn the previous chapters of this thesis two analyses have been presented: a measurement of 
thee cross section of the process e+e~ — WW — qqqq between yfs = 161 GeV and 189 GeV, 
andd a measurement of the W boson mass in that final state. In this chapter, the implications 
off  these results in the framework of the Standard Model as well as for signs of new physics 
beyondd the Standard Model will be discussed. 

7.11 Cross Section 

Thee results for the measurement of the e+e" -> WW -  qqqq cross section between y/s = 
1611 GeV and 189 GeV have been shown in Table 5.2, with a discussion of systematic errors 
inn Section 5.5. Graphically, these results are shown in Figure 5.13. 

Thee results can be interpreted in a number of ways. The cross section depends on the W 
mass;; this has been discussed in Section 5.6. Significant sensitivity exists only at the thresh-
old.. The cross section depends on the details of the couplings between the gauge bosons, 
andd can be used to extract non-SM (anomalous) triple gauge-boson couplings. L3 has also 
measuredd the cross sections for e+e" —» WW in otiier, semileptonic and pure leptonic, fi-
nall  states. Together with the hadronic final state these can be used to extract the branching 
fractionss of the W into various final states, as well as information on the CKM matrix. The 
measurementss can be used to constrain decays of the W into particles that cannot be ob-
servedd (invisible decays), as can happen in various models of physics beyond the Standard 
Model.. Finally, the results will be interpreted in the framework of a model involving large 
extraa dimensions. 

7.1.11 Anomalous Couplings 

Att LEP1, the couplings between the vector bosons and fermions have been measured ac-
curatelyy and turn out to be in good agreement with the Standard Model predictions, which 
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mayy be taken as evidence for the gauge boson nature of the W and the Z. Nevertheless, the 
particularr predictions of the Standard Model as a SU(2) x 17(1) gauge theory for the non-
Abeliann self-couplings of the W, the Z and the photon are much better measured at LEP2. 
Inn particular the triple gauge boson couplings WW7 and WWZ can be constrained via the 
measurementt of WW production; LEP2 is not very sensitive to quartic gauge couplings and 
theyy will not be discussed here. 

Itt is convenient to write out the most general allowed WWV (V = 7 or Z) vertex in the 
formm of a purely phenomenological effective Lagrangian [116, 117]: 

iC%TiC%Tvv = 9wwv[gXv"{w;vw  ̂ -w;uw-) 

++  KVW+W-V'"' + ^-V^W^W^ 
mmw w 

+ + igle^poigle^po ((df,W-^W+" - W-^W^)) V* 

++  Ï9ÏW+W- {VV + duV») - ^-W'W+e^^V, 

2m2m22
ww

 Pfi v £ Va/3 

whichh gives the most general Lorentz invariant WWV vertex, for effectively massless fermions. 
Thee overall normalization is gWw-y = e and gwwz = e cot 9W, with 6W the weak mix-
ingg angle. In the expression for the effective Lagrangian, W  ̂ = d^Wv - dvW^, and 
Vu»Vu» = d^Vv — dvVp. The effective Lagrangian has a total of 14 arbitrary parameters, or 
couplings.. Electromagnetic gauge invariance requires gj{q2 = 0) = 1 and gj{q2 = 0) = 0. 
Thee couplings g\, KV and Xv violate CP. If they are non-zero they are at least expected to be 
muchh smaller than the CP conserving couplings [117], and they will not be considered here. 
Thee coupling g\ conserves CP, but violates C and P individually, and will also not be con-
sidered.. Six couplings remain; in the Standard Model, at tree level, g\ = gf = /c7 = KZ = 1, 
andd A7 = Xz = 0. 

Forr the WW7 vertex, these couplings correspond to the lowest order terms of a multipole 
expansionn of the W-photon interactions: the charge of the W boson Qw, its magnetic dipole 
momentt nw, and its electric quadrupole moment qw: 

66 6 

QQww = egl , fiw = TT—(9I + «7 + Xy) . Qw = rfa - A7). (7.1) 

Thus,, we will take gj = 1 and not consider it further. For #f and the «'s it is convenient to 
definee deviations from the Standard Model values as Agf = gf - 1 and AKV = «v - 1. 

Deviationss from the Minimal Standard Model couplings are predicted in extensions of the 
Standardd Model, for example in models with an extra Z' boson, as well as in supersymmetric 
models. . 
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7.LL Cross Section 

Furtherr study of the anomalous couplings learns that the following constraints can be 
usedd with only small loss of generality: 

AK 77 = cot29w(AKZ - Agf) , A7 = Xz, (7.2) 

wheree Bw is the weak mixing angle. These constraints protect the well-measured LEP1 
observabless against too large effects from anomalous WWZ and WW7 couplings [117]. 

Thee anomalous couplings enter as modifications to the couplings in the WWZ and WW7 
vertex.. This has the following consequences: 

1.. The total WW cross section depends quadratically on the anomalous couplings. Sup-
posee that all couplings but one have their Standard Model value, but that coupling X 
deviatess from it. Then: 

awwaww = °wtv + aX + bX2, (7.3) 

wheree a and b are calculable factors, and b > 0 [118]. For large \X\, the cross section 
wil ll  be significantly larger than the Standard Model value. In the Standard Model, the 
non-Abeliann self couplings of the gauge bosons provide the delicate gauge cancella-
tionss that are needed to prevent the cross section from growing beyond the unitarity 
bounds.. Anomalous couplings destroy part of these gauge cancellations. This can be 
seenn in Figure 5.13, where, apart from the Standard Model prediction, also the theo-
reticall  predictions for the case of no WWZ coupling, and the case of v exchange only, 
aree plotted. For small \X\ ^ 0, the cross section can also be somewhat below the SM 
value.. However, the SM value always turns out to be close to the lowest allowed value. 

2.. The angular distribution of the W production, as well as the W polarization, are mod-
ified.. The change in W polarization will affect the W decay angles. All in all, five 
angless describe the final state, and an analysis of the five-fold differential cross section 
givess information on the anomalous couplings. This goes beyond the scope of this 
thesis,, more information can be found in [117]. 

Forr the couplings Agf, A7 and AK 7, the coefficients a and b of equation 7.3 have been 
calculatedd with EXCALIBUR [78], under the constraints of Equation 7.2. Examples of the 
fullyy hadronic WW cross section at y/s = 189 GeV are shown in the top row of Figure 7.1. 
Att 172 GeV and 183 GeV the curves look similar, generally the dependence of the cross 
sectionn on the anomalous coupling is largest at highest i/s-

Takingg our measurements of the WW cross section, we are able to determine likelihood 
curvess for each of the anomalous couplings, and from these likelihoods we calculate proba-
bilityy density functions. These are shown in Figure 7.1 for the data at 189 GeV (middle row), 
andd all data combined (bottom row). At 189 GeV, our measurement agrees very well with 
thee theoretical prediction for zero anomalous couplings, which is reflected in the probability 
densityy curves. Whenever a measured cross section is higher than the minimum of the theory 
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Figuree 7.1: Top row: fully hadronic WW cross section as a function of anomalous coupling 
atat ,/s = 189 GeV; the shaded band represents the measurement. Middle row: Probabil-
ityity densities as a function of anomalous coupling at 189 GeV. Bottom row: idem, for the 
combinationcombination of all data. 
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curve,, a two-fold ambiguity arises due to the fact that the measured cross section is obtained 
forr two different values of the couplings. At 183 GeV our measurement is 2.4 standard de-
viationss higher than the Standard Model value, and this reflects in a double peak structure in 
thee probability density curves for the combined data. 

Wee will assume the 183 GeV result to be a statistical fluctuation, and use the probability 
densityy curves to derive limits on the anomalous couplings. This can be done by integra-
tionn of the probability density functions and finding the 68% and 95% CL intervals. These 
intervalss can be defined in a number of ways; in this thesis they are chosen such that the 
probabilityy for the coupling to fall outside the interval is distributed symmetrically on the 
higherr and lower side. We note from the probability density curves that zero anomalous 
couplingss are consistent with the data. The results are: 

-0.299 < Agf < 0.36 at 68% CL , -0.45 < Agf < 0.50 at 95% CL, (7.4) 

-0.311 < A7 < 0.42 at 68% CL , -0.47 < A7 < 0.56 at 95% CL, (7.5) 

-0.44 < AK 7 < 1.3 at 68% CL , -0.7 < AK 7 < 1.6 at 95% CL. (7.6) 

7.1.22 W Branching Fractions and the CKM Matri x 

Apartt from decaying in a quark-antiquark pair, a W boson can decay into a charged lepton 
(electron,, muon or tau) and a neutrino. The presence of these decay modes gives rise to 
variouss final states other than the qqqq mode already discussed: qq£u and lvlvy where 
anyy £ can be any of {e, fi, r } . L3 has measured the cross sections for these final states at 
y/sy/s = 161 GeV [119], 172 GeV [120], 183 GeV [121], and 189 GeV [122]. 

Thee selection of qqiu events requires an identified high energy lepton, two hadronic 
jetss with high particle multiplicity, and missing momentum due to one or more neutrinos. 
Thee lepton is typically isolated from the jets. The invariant mass of the two jets, as well 
ass the lepton-missing momentum system, should be compatible with the W mass. Events 
aree selected with an efficiency varying between 50% (qqrf) and 80% (qqei/ and qqpiu). 
Backgroundss are predominantly from fermion pair production, purities vary between 87% 
andd 95%. 

Thee event selection for lulu events requires two high energy acoplanar leptons with large 
missingg energy due to the neutrinos. Selection efficiencies vary between 30% (TUTU) and 
70%% (eueu), and purities between 65% and 97%; backgrounds are fermion pair production, 
two-photonn collisions, and cosmics. Event displays of a selected qqê  candidate event and 
aa selected fiUTu candidate event are shown in Figure 7.2 as examples of typically selected 
eventss with at least one leptonic W decay. 

Thee measured cross sections for the various final states are summarized in Table 7.1. 
Forr a W boson decaying into a final state ƒ / ', the branching fraction B(W —  ƒ/ ') is 

definedd as 

B(W^ff')B(W^ff')  = T{W
rZj f'\  (7-7) 
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Figuree 7.2: Event displays of a selected qqê  candidate event (left), and a selected \xvrv 
candidatecandidate event (right), shown as examples of typically selected events with at least one 
leptonicleptonic W decay. 

withh T(W -» ƒƒ') given by Equation 2.11, and r^ t al given by Equation 2.13. 
Thee measured cross sections can be used to determine various W branching fractions. 

Sincee the measured cross sections for the various leptons in the final state are consistent with 
eachh other, we will assume lepton universality, as predicted by the Standard Model. This 
impliess that the branching fractions B(W —  iv) are identical for electrons, muons and taus. 
Thus,, for each ^fs we can write: 

00MvMv = (Ttotal x B(W -»t vf (7.8) 

CTqqfoCTqqfo = 2atotai x B(W -+ Iv) x B(W -» qq) (7.9) 

q̂qqqq = t̂otal X B(W -* qq)2, (7.10) 

wheree <7totai depends on v^, but the branching fractions do not. 
Usingg the measurements in Table 7.1, the branching fractions B(W —> qq) and B(W —> 

hi)hi) are determined in a combined fit, constraining the sum of the two branching fractions to 
one.. The results are: 

B(WB(W -» qq) = (68.20  0.68  0.33)% B(W -> Iv) = (10.60  0.23  0.11)%. (7.11) 

Thesee results can be compared to the Standard Model predictions of 67.51% and 10.83%, 
respectively,, which follow from Equations 2.11 and 2.13. 
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7.1.. Cross Section 

Process s 

tuiv tuiv 

qqeu qqeu 

qqptu qqptu 

qqru qqru 

qqqq q 

a(CC03)a(CC03) [pb] 

y/sy/s = 161 GeV 

0.39jjgg  0.02 

0.62+g;̂ ^  0.03 

0.53+8;gg  0.03 

0.22ljgg  0.04 

0.981ÏSS  0.05 

y/sy/s = 172 GeV 

1.93ig;gg  0.08 

7 7 
3 3 

i.60lJ:677 8 

7 7 

y/sy/s = 183 GeV 

1.499  0.25  0.05 

2.366  0.24  0.04 

2.299  0.24  0.04 

1.866 2 6 

8.355  0.46  0.23 

y/sy/s = 189 GeV 

1.677 4 4 

2.399 3 4 

2.277 4 4 

2.644  0.21  0.08 

7.400  0.26  0.15 

Tablee 7.1: Cross sections measured by L3 for all WW final states, at y/s = 161 - 189 GeV. 
TheThe result given for tvlv is summed over all leptons. 

Thee relation between the W-decay branching fractions and the six elements V*, of the 
Cabibbo-Kobayashi-Maskawaa quark mixing matrix VCKM not involving the top quark is 
givenn by Equation 2.15. Using as(m^) = 0.121  0.002, the measurement of the branching 
fractionss implies: 

££ \Vij\2 = 2.065  0.064  0.032. (7.12) 
j=u,c;j=d,s,b b 

Thiss measurement is a test for the unitarity of the CKM matrix, in which case this number 
shouldd be 2. 

Thiss measurement can be used to constrain the least well known CKM matrix element, 
Vcs,Vcs, using the measured values for the other five elements [7]. We derive: 

|V„ || - 1.008  0.032  0.016. (7.13) 

Itt is interesting to compare this number to the direct determination of | V^j via decay of D 
mesonss into kaons, | V^l = 1.04  0.16, which suffers from a large uncertainty in the D form 
factorr in these decays [7], 

7.1.33 Invisible W Decays 

Inn the Standard Model, the W decays either hadronically to a quark-antiquark pair, or lepton-
icallyy to a charged lepton and a neutrino. In certain models of physics beyond the Standard 
Model,, the W boson can decay to "invisible" final states, which by the nature of the final 
statee particles are not observable in the detector. For example, in supersymmetric models the 
decay y 

W++ -> * V - *Vx ° (7-14) 
cann occur. The x° could be the lightest supersymmetric particle and would not decay in 
H-parityy conserving supersymmetric models; it would leave the detector unobserved. If the 
masss difference between the \+ and the x° is very small, less than a few GeV, the final state 
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ll  invisible  pinvisible m I C\ 

leptonn would have littl e energy, and might escape detection as well. Invisible W decay should 
thuss be interpreted as W decay into a charged particle with momentum below detectability. 

Iff  the W boson decays to an unobservable final state, the total width of the W boson, 
r^ taJ,, is increased: 

wheree r£sible is the W width into observable final states, and r^visible is the W width into 
invisiblee final states. The observable final states are none other than the Standard Model W 
decayy modes. It is assumed in this section that the coupling of the W boson to the fermions 
inn its Standard Model decay modes is known and given by the Standard Model. Therefore, 
wee identify the visible W decay width with the Standard Model decay width: 

r™ib,ee = r ^ , (7.i6) 

whichh equals 2.093 3 GeV [7], as explained in Section 2.3. In the Standard Model, 
pinvisibiee = Q̂  a n o n. z e ro invisible width will affect the total W width. 

AA change in the total W width will affect the total cross section for WW production at 
LEP,, as shown in Figure 7.3. The total cross section for WW production at any y/s, for 
WW bosons with a finite width, can be written as a convolution of a width-independent cross 
sectionn and two Breit-Wigners, one for each W. The W width enters the Breit-Wigners, but it 
doess so differently in numerator and denominator. The W width in the numerator is the sum 
off  the partial decay widths for all decay modes under observation, i.e. it is r$?ibl e = Tffi. 
Thee W width in the denominator is the total width r^ t al coming from the boson propagator 
term.. The best theoretical estimate for the WW production cross section is given by the 
doublee pole approximation, discussed in section 2.4 and 2.5.1. This theoretical estimate 
iss denoted here as &$$. Then, in presence of a non-zero invisible width, the total WW 
productionn cross section can be approximated by: 

( pSMM \ 2 

r SMM  + pinvisible J  ( 7 - 1 7 ) 

Thee dominant error on uww derived this way is the 0.5% uncertainty on oww. 
Inn this thesis, the fully hadronic WW cross sections have been analyzed between y/s — 

1611 and 189 GeV. The measurement at 161 GeV has no impact on the final result, and has not 
beenn used here. The other measurements can be transformed into a likelihood as a function 
off  cross section. Using Equation 7.17, a WW cross section can be calculated for each value 
off  the invisible width. Combining Equation 7.17 and the likelihood curves for the cross 
section,, probability density functions can be calculated for each value of the invisible width. 
Thiss is shown in Figure 7.4 for the data at 189 GeV (left), and combining all data between 
1722 and 189 GeV (right). 

Combiningg all data, the invisible width r^visible is measured to be: 

pmfeiblee = _ 3 9  3 4 M e V ( ? l g ) 
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Figuree 7.3: Dependence of the total CC03 cross section for WW production on the W 
bosonboson total width at various values of ^/s (left), and on the W boson invisible width at 
y/sy/s = 183 GeV (right). In the right plot, also the dependence of the result on a 1 GeV, 

22 GeV, and 3 GeV variation of the visible W width is shown. 

Thee result at 189 GeV alone is P^visible = 1  42 MeV. The fact that the overall result is 
negativee reflects the fact that the measured value of the WW cross section at ,/s = 183 GeV 
iss higher than the theoretical prediction, whereas the measured cross section at 189 GeV is 
veryy close to the theoretical prediction. 

Negativee values for the invisible width should be regarded as unphysical. A 95% CL 
upperr limit for the invisible width can be obtained by integration of the probability density 
functionn V(T) for r^visible > 0, and determining the value x so that 

JS°V(T)dT JS°V(T)dT 
== 0.95. (7.19) ) 

Thiss gives for the data at 189 GeV alone r^visible < 92 MeV at 95% CL, and for all data 
combined: : 

pinvisiblee < 5 2 M ey a t 9 5 % C L (7.20) 

Thee upper limit is in principle influenced by the theoretical uncertainty on the WW cross 
section,, as given by Equation 7.17. This uncertainty is estimated to be 0.5% of the total 
WWW cross section, or 0.04 pb. Variation of a§w by 0.04 pb turns out to have a negligible 
influencee on the final result, which can be understood by the observation that it is an order of 
magnitudee smaller than the systematic uncertainty on the measured cross section. Also the 
uncertaintyy on T^1 has a negligible effect on the final result. 

Thee final result r'w
visiUe < 52 MeV, at 95% CL, is significantly better than the PDG 

valuee [7] of r$,visible < 139 MeV, which contains only the ALEPH result up to y/s = 
1833 GeV. 
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(right). (right). 

AA further consequence of invisible W decays is the increase of topologies of WW events 
withh a single visible W decay accompanied by an invisible W decay, i.e. single-W events. 
Suchh events are also produced in the Standard Model through single-resonant four-fermion 
productionn graphs, as explained in Section 2.4. In principle the measurement of the cross 
sectionn for these events can thus be used to put an upper limit on invisible W decays. How-
ever,, the kinematics of such events differs from the Standard Model single-W production, 
andd thus acceptance and efficiencies as determined in the standard single-W analysis are not 
validd for invisible W decays. The analysis of single-W events falls outside the scope of this 
thesis. . 

7.1.44 Large Extra Dimensions 

Thee unification of the weak nuclear force and electromagnetism in the Standard Model is 
experimentallyy measurable at LEP because the center-of-mass energy of LEP is of the same 
orderr of magnitude as the electroweak unification scale of some 100 GeV. Gravity, however, 
att these energies is a much weaker force, characterized by Newton's constant GN « 6.7 x 
10"111 m3 kg"1 s"2. In fact, gravity only becomes of equal strength to the other fundamental 
forcess at very high energy scales, characterized by the Planck mass of MP1 = J^p » 
10199 GeV, or distances of 10""35 m, the Planck length. The incorporation of gravity (i.e. 
generall  relativity) with quantum field theory is a major unsolved problem in particle physics. 
AA possible solution is offered by the theory of strings, which may succeed in describing the 
unificationn of the forces at the Planck scale. However, the energy associated with the Planck 
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scalee is 15 orders of magnitude larger than what will be attained at the LHC (a s/s = 14 TeV 
ppp collider under construction at CERN, Geneva), and experimental study seems very far 
away. . 

Recently,, however, a hypothesis has been put forward that solves the problem of the 
weaknesss of gravity, and may make string theory accessible to energy scales that can be 
achievedd in current colliders [15]. Strings exist in 10 dimensions, embedded in a more 
generall  theory (M-theory) that has 11 dimensions, 7 more than our familiar world of 1 time 
andd 3 spatial coordinates. In conventional string theories, these additional dimensions are 
curledd up (compactified) to very small sizes of order 10"32 m, and are thus not visible to us. 
Theree is, however, no particular reason why some of these extra dimensions could not be 
substantiallyy larger. 

Supposee that a number N of these extra dimensions have a size R considerably larger 
thann 10"32 m. In string theory, the electroweak gauge fields (photons, W and Z bosons, 
gluons)) are open strings with endpoints bound to 4-dimensional subspaces (branes, or walls), 
butt the quanta of the gravitational field, gravitons, are closed strings that are allowed to roam 
freelyy through the other dimensions (the bulk). Gravity would then mainly operate in the 
bulk,, and it would only appear weak to us since we are bound to the 4-dimensional world. 
Thee scale of gravity in our 4-dimensional world, the Planck scale MP\, is related to the 
effectivee scale of gravity in the 4 + N dimensional world, Ms, by Gauss' law, and it follows 
that t 

M2!!  - R»Mg+2. (7.21) 

Thiss way, the scale of gravity, Ms, might well be of the order of a TeV, rather than MPi, and 
thee apparent weakness of gravity in our world is only a dimensional illusion. If this scenario 
iss true, a number of extra dimensions with size considerably larger than 10 ~32 m would exist, 
whichh are thus denoted large extra dimensions (LED). 

Thee existence of large extra dimensions influences the differential cross section for the 
e+e-- _• WW process [123]. In addition to the CC03 diagrams, gravitons can mediate the 
scattering.. The graviton effects are described in terms of the scale Ms, which appears as 
aa term ~ 1/Mf in the pure graviton exchange process, and as ~ 1/M| in the interference 
off graviton exchange and Standard Model processes [124]. These terms are multiplied by 
factorss A2 and A, respectively, which incorporate the dependence on the unknown full theory, 
andd are of order unity [124]. In Figure 7.5, the effects of graviton exchange on the W pro
ductionn angle are shown for an example Ms = 0.65 TeV for fully hadronic and semileptonic 
events.. The W production angle is determined by reconstructing the W directions from the 
jets,, c.q. the lepton and neutrino. The lepton charge, or the sum of the charge of thee particles 
inn the jets, determines the charge of the W. 

Thee measurement of the WW cross section can be used to measure Ms. Since our mea
surementt agrees well the Standard Model prediction, a lower limit is set on Ms- For nu
mericall results, the cases A = 1 and A = - 1 are studied [125]. The inclusion of graviton 
exchangee effects is performed by reweighting Monte Carlo events with a modified version 
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tonictonic WW decays (right). 
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off EXCALIBUR [78] which includes the graviton exchange matrix elements for the WW 
processs [123]. Our measurement of the WW cross section between y/a = 161 and 189 GeV 
leadss to the following results: 

AA = - 1 : Ms > 0.68 TeV at 95% CL, (7.22) 

AA = +1 : Ms > 0.79 TeV at 95% CL. (7.23) 

Furtherr limits on Ms are obtained from the analysis of ZZ production and 77 production, 
andd two-fermion production [125]. 

7.22 W Mass 
Inn Chapter 6, the analysis of the direct measurement of the W mass in qqqq events taken at 
y/Jiy/Ji = 172 - 189 GeV is described. The following result is obtained: 

m ww = 80.571  0.107 (stat)  0.034 (syst)  0.055 (FSI)  0.017 (LEP) GeV. (7.24) 

Inn this section, the consistency of direct W mass measurements and derived, indirect, W 
masss measurements in the Standard Model will be discussed. Constraints on the Higgs mass 
inn the Minimal Standard Model will be derived. Furthermore some possible improvements 
onn the measurement will be discussed, and some prospects will be given for future W mass 
measurements. . 

Thee W mass is measured at LEP by all four experiments in the qq&/ and Ivlv channels 
ass well in the qqqq channel. The combined result as of March 2002 is [25]: 

m L p 22 = 80.450  0.039 GeV. (7.25) 

7.2.11 Consistency of W Mass Measurements 

Thee W mass is also measured directly by the CDF and DO experiments at the Tevatron and 
muchh earlier by the UA2 collaboration at CERN. Their combined result is: 

mcpF+D0+uA22 = 8 0 4 5 4  0 0 6 0 G e V ) (7.26) 

whichh agrees well with the LEP measurements. The LEP2 and Tevatron W mass measure
mentss can be averaged with the following result: 

mw
rectt = 80.451  0.033 GeV. (7.27) 

Assumingg the Standard Model to be valid, one can also derive the W mass from a Stan
dardd Model fit to electroweak observables at LEP, SLD, the Tevatron andd neutrino scattering 
experiments.. A comparison between the derived, indirect, W mass results and the direct 
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Figuree 7.6: Comparison of direct and indirect Wmass measurements. See text for explana-
tion. tion. 

WW mass measurements is a test of the consistency of the Standard Model. Also the qual
ityy of the Standard Model fit itself is such a test. The fit takes as input a maximum of 19 
parameterss [24]. 

Takingg as input the Z-pole parameters measured at LEP1 and SLD, the following result 
iss derived: 

m LEP l+SLDD = g0 3 7 2  Q 0 3 3 Gey ( ? 2 g ) 

whichh is a little lower than, but consistent with, the direct LEP2 and Tevatron measurements. 
Thesee results are shown graphically in Figure 7.6. 

Iff also the CDF and DO measurements of the top mass, mt, are added, the result is: 

^LEPl+SLD+mt t 
*W W == 80.379  0.023 GeV, (7.29) ) 

consistentt with, but more accurate than, the result without the top mass. 
Thee NuTeV experiment has measured neutral to charged current ratios in neutrino-nucleon 

deepp inelastic scattering [126]. From this ratio, the electroweak mixing angle sin2 9W is de
rived.rived. Using Equation 2.3, this result can also be expressed as an indirect measurement of 
thee W mass: 

NuTeVV nr\ 1 o^ . ^ ^ o A ^ » T 
m m w w == 80.136 4 GeV. 

Thiss result is 3.5 standard deviations lower than the direct measurements, but also 2.8 stan
dardd deviations lower than the indirect results derived from Z-pole observables and the top 
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Figuree 7.7: Comparison of direct and indirect W mass and top quark mass measurements. 
TheThe full ellipse is the result of the Standard Model fit, the dotted ellipse represents the direct 
measurements.measurements. Contours of constant Higgs mass mH are also shown in the plot. The little 
arrowarrow marked Ac* represents how these contours move for a change in a, corresponding to 
itsits estimated uncertainty. 

mass.. The origin of this difference is unknown. The probability of the Standard Model fit 
includingg the NuTeV result is only 1.7%. 

Inn Figure 7.7 the direct and indirect W mass results are compared in the m w -nk plane l. 
Thee full ellipse is the result of the Standard Model fit, the dotted ellipse represents the direct 
measurements.. The compatibility of the direct and indirect results beautifully demonstrates 
thee consistency of the Standard Model. 

7.2.22 Constraints on the Higgs Mass 

Withinn the Minimal Standard Model, row, rnt and the Higgs mass mH are correlated, as 
shownn graphically in Figure 7.7. The diagonal curves in the figure are indications of the re-

11 Also the top mass mt can be derived from the Standard Model fit; it is also measured directly at CDF and 

DO. . 
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lationshipp between m w and mt for Higgs masses of 114,300, and 1000 GeV, fixing the other 
relevantt Standard Model parameters to their measured values. The little arrow marked Aa 
representss how these lines move for a change in a, corresponding to its estimated uncertainty. 

Bothh the direct and indirect W and top mass measurements prefer a relatively light Higgs 
bosonn in the Minimal Standard Model. The Standard Model fit described in Section 7.2.1 
alsoo fits the Higgs mass mH. The result of the fit with as input only the Z-pole measurements 
fromm LEP1 and SLD and the top mass measurement from CDF and DO is: 

mLEPl+SLD+ m tt = 10 ( )+64 G e V ) ( ? 3 1 ) 

wheree the errors represent as usual the 68% CL interval. Note, however, that the errors are 
farr from Gaussian, since the Higgs mass enters logarithmically in thee fit. 

Usingg all available data, the result is: 

mAlll Data = g5+54 G e y ( y 3 2 ) 

Leavingg the NuTeV result out of the fit results in m£oNuTeV = 81+^ GeV. 
Thee x2 curve of the Standard Model fit as a function of the Higgs mass is shown in 

Figuree 7.8. The fit using all available data gives an upper limit on the mass of the Standard 
Modell Higgs boson: 

mHH < 196 GeV at95%CL. (7.33) 

Thee shaded band in Figure 7.8 represents the estimated theoretical error due to missing higher 
orderr calculations. A further uncertainty arises due to the error on Aa, as explained in Sec
tionn 2.1. This error is dominated by the uncertainty on Aa^L, the contribution of the five 
lightt quarks. The full curve shows the fit result with Aa£T taken from Reference [19]. 
Thee dashed curve is obtained when the more aggressive, theory-driven approach from Ref
erencee [127] is used. 

7.2.33 Possible Improvements on the Measurement 

Somee suggestions for improvements on the W mass measurement in the fully hadronic chan
nell are given below: 

1.. Gluon radiation from any of the four quarks from WW decay can lead to a fifth jet. 
Suchh a fifth jet is typically of lower energy than the other jets, and less isolated, but oc
casionallyy it is energetic and isolated. Although there is no clear distinction between 
four-jett events with a broad jet and "true" five-jet events, at some moment it is no 
longerr reasonable to describe the event with only four jets. Nevertheless, in the cur
rentt analysis the jet clustering algorithm forces the event into four jets. This implies 
thatt a fifth jet will be merged with its closest neighboring jet, based on the distance 
criterionn defined in Equation 4.4. Given the fact that the gluon jet is typically close to 
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Figuree 7.8: \2 of the Standard Model üt as a function of the Higgs mass, taking all available 
observablesobservables as input to the fit. The shaded band represents the lower limit from direct Higgs 
searches.searches. See text for a discussion of the shaded band and the dashed curve. 

itss parent, this will in most cases be correct. However, even with the correct gluon-jet 
combination,, the errors assigned to the jet energy and angles in the kinematic fit are 
nott optimal. If the combination is incorrect, the event is obviously misreconstructed. 
Thesee problems can be circumvented by treating such events explicitly as 5-jet events. 
Withh five jets instead of four, there are ten ways to pair the jets into W's, rather than 
justt three. Improvements in the event reconstruction will be achieved not so much in 
thee best pairing of the ten, but rather in the second and third best. In the mass fit 5-jet 
eventss and 4-jet events should be fit separately, for example in bins of y45. First tests 
havee yielded improvements in the order of 5%, without optimization of the analysis. 

Thee statistical power of the W-mass measurements can be enhanced by using more of 
thee available information on an event-by-event basis. An excellent example are the 
5-jett events described above: it is known that, even after treating the events as proper 
5-jett events, the mass resolution gets worse as yi5 increases. In the mass analysis 
presentedd here this kind of information has not been used. 
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Thee "ideogram" method [113], which has been used by the Delphi collaboration, al
lowss for a flexible and straightforward combination of available information. The 
methodd is therefore well suited for WW analysis and yields a high statistical power. 

Theree is in principle no reason why the reweighting method could not be extended to 
aa multi dimensional likelihood fit, using all available information. In fact, this would 
evenn be highly attractive as it is by construction an (asymptotically) efficient method. 
Inn practice care has to be taken with the available amount of Monte Carlo statistics. 
Thereforee the maximum number of dimensions that can be used with a reasonable 
numberr of bins is probably limited to two or three. 

3.. With increasing statistics, the W mass measurement, especially in the fully hadronic 
channel,, becomes more and more systematics limited. The systematic errors on the 
WW mass measured in this analysis are discussed in Section 6.5. An error of 30 MeV 
iss assigned to uncertainties in detector response; these uncertainties can still be low
eredd by further studies on data: in 1999 and 2000 data has been taken corresponding 
too twice the luminosity used in this analysis. Uncertainties in Bose-Einstein correla
tionss between the decay products of different W's have been experimentally shown 
too be small [105, 50]. However, uncertainties due to color reconnection, 54 MeV in 
thiss thesis, are still large. Color reconnection is being studied experimentally by mea
suringg the energy flow between jets [60], and these studies may well lead to lower 
uncertainties.. Furthermore, the use of cone algorithms in jet reconstruction, as well 
ass disregarding low-momentum particles in the jet finding, could possibly lead to sig
nificantlyy smaller uncertainties due to color reconnection, but only in exchange for an 
increasedd statistical error. Uncertainties in fragmentation and hadronization are esti
matedd in this thesis to lead to a systematic error of 20 MeV on the W mass. Further 
improvementss in HERWIG, and better parameter tuning of the generators, are likely 
too reduce this error significantly. 

4.. For systematic error studies, the Delphi collaboration has made use of the technique 
off Mixed Lorentz-Boosted Z events (MLBZ technique) [113], reporting significant 
improvementss in the determination of systematic uncertainties. In this technique, two 
ZZ events selected from data taken at y/s « mz are superimposed into one pseudo-
event,, after boosting the two Z's in opposite directions with a boost corresponding to 
thee boost of a W boson in a WW event. Thus, such a mixed event serves as a quasi-
WWW event. Advantages of this method are that mixed events are real data, not Monte 
Carlo,, that single Z events can be used many times and thus lead to very good statistics, 
andd that the properties of thee original Z event are very well defined (invariant mass raz, 
eventss produced at rest). 

Theree are, however, differences between WW events and MLBZ events. The different 
fragmentationn scale is not a problem. WW events have a different flavor composition 

120 0 



7.2.. WMass 

thann Z events, and such effects must be studied and taken into account. The W width 
differss from the Z width, the W angular distribution differs from the Z angular dis
tribution,, ISR is different. After boosting the Z events, jets point to detector regions 
wheree they were not actually detected. Clusters change in the boost and in the event 
mixing,, in particular close clusters or tracks, and non-linear jet energy responses are 
nott taken into account. 

Thee problems above are all manageable. However, a serious limitation of the method 
stemss from the fact that detector effects are in general not Lorentz invariant. This can 
bee illustrated by the following example of an effect that is drastically different in the 
boosted,, W-like, frame than in the laboratory, Z, frame. Take a Z-event with two back-
to-backk jets of 45 GeV. A measurement error of a full degree in the jet-jet angle in this 
framee will, after the Lorentz boost to a W-like frame where the two jets have an energy 
off 60 GeV each, correspond to an error of only 0.005°. This means that the effect of 
thiss particular measurement error is underestimated by a factor of 200. Turning the 
argumentt around, we can also note that an angular mismeasurement of one degree 
influencess the measured W-mass in the W-like frame by a factor of 140 more than in 
thee Z rest frame. Note that it may seem unlikely that a detector effect will affect the 
jet-jett angle as most effects influence the jet angle itself. However, as the W bosons 
aree likely to be produced in the direction of the beam pipe, the two jets corresponding 
too the same W are more often than not detected in the same hemisphere. Therefore 
aa systematic effect on the jet angle can easily translate to a systematic effect on the 
jet-jett angle. 

Otherr detector effects might respond differently to the Lorentz boost, but since the 
MLBZZ method can only be used to estimate the sum of all systematic uncertainties 
thiss sum becomes meaningless. 

Wee therefore argue that the MLBZ method can, contrary to what is usually advertised, 
nott be used to determine systematic uncertainties due to detector effects. However, 
thee method still has a very useful application in studying fragmentation effects. Since 
thesee are Lorentz invariant, and theorists are confident that the fragmentation of a 
hadronicc Z-boson decay can be safely extrapolated to the hadronisation scale of W-
decay,, the MLBZ method is a valid tool in this case. Still, careful studies of detector 
effectss are needed also in this case, as the determination of the fragmentation uncer
taintyy is limited by the non-Lorentz invariant detector effects. 

7.2.44 Future Prospects 

Inn the near future, the W mass will be measured at the Tevatron pp collider by the DO and 
CDFF experiments, and from 2007 onwards by the ATLAS and CMS experiments at the pp 
colliderr LHC. In all these experiments, the W mass is derived in events with leptonic (e or 
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fj.)fj.) W decay from the falling edge of the transverse mass spectrum of a charged lepton and a 
neutrinoo reconstructed from the missing pT in the event. 

Thee goal of Tevatron Run 2A is to accumulate an integrated luminosity of 2 fb_1 per 
experiment.. This gives approximately 1 million W —»• tv events per experiment per channel. 
Thee statistical error on m w per experiment, combining the e and \x channels, is estimated 
too be 13 MeV. Systematic errors are dominated by uncertainties in the energy scale of the 
calorimeters,, and the momentum scale of the tracker. Even though control samples like 
ZZ —• tt and J/I/J —• tt are used, the systematic uncertainty on mw from this source is 
expectedd to be 15 MeV. Further uncertainties are dominated by uncertainties in the parton 
distributionn functions. Overall, an error of 30 MeV on mw is expected per experiment, or 
222 MeV combined. 

Att the LHC, an integrated luminosity of 10 fb_1 (one year of running at an instantaneous 
luminosityy of 1033 cm'2 s 1 ) would give some 60 million W -> tv events and 6 million 
ZZ —• it events. Therefore the statistical error on m w is expected to be very small. Sys
tematicc uncertainties at the LHC are similar as at the Tevatron, but the much larger data 
sampless should allow for a better determination of them. Pile-up from multiple interactions 
inn one bunch crossing decreases die resolution of the missing pT determination, and there
foree smears out the falling edge of the transverse mass distribution. At the LHC, the W 
masss measurement is thus best done at relatively low instantaneous luminosities, and not at 
10344 cm'2 s -1 . Overall, ATLAS expects an error of 25 MeV on m w per channel; combining 
thee channels and ATLAS and CMS a final error of 15 MeV is expected. 

Clearly,, neither the Tevatron nor the LHC will lead to an order of magnitude improvement 
inn mw- For this, a linear electron-positron collider will be needed. At such a linear collider, 
thee W mass is best measured in a threshold scan, as shown for example by studies for the 
proposedd TESLA facility at DES Y [128]. At TESLA, an integrated luminosity of 100 fb"1 is 
expectedd in one year of running around y/s = 161 GeV, the WW threshold. By changing the 
beamm polarization, the WW cross section and the background can be independently varied, 
whichh is of great help in separating the signal and the background. By including a point at 
\fs\fs « 170 GeV, where the cross section is almost insensitive to m w , selection efficiencies 
cann be constrained. An important pre-requisite for such a threshold scan is an accurate 
theoreticall prediction for the WW cross section around threshold, at a level of 0.1%. This 
iss currently not available, in particular the double-pole approximation used at higher y/s 
iss invalid around threshold. Further systematic uncertainties are the accuracy of the beam 
energy,, polarization and luminosity. Overall, an error on m w of 6 MeV seems feasible. 
Togetherr with a top mass measurement of C?(100) MeV accuracy, this would constrain the 
Higgss mass to approximately 5%. 
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