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Top Quark Mass
Abstract ]
Abstract Although its value is not predicted, M, is a fundamental parameter in the Standard Model. The best value of the top quark mass found from combining
all channels at the Tevatron is,
We present a method developed at DA for extracting information from data through a direct calculation of a probability for each event.

This probability, which is a function of any parameter of interest, is calculated by convoluting the differential cross section with the Mtop:174-3t5-1GeV/ €
resolution and acceptance of the detector. The method is used to re-measure the mass of the top quark and to extract the fraction of The systematic error is dominated by the uncertainty on the jet energy scale. The measurement of M,, will improve significantly in the future, with an
longitudinal W bosons in the lepton + jets ttbar sample previously collected by the DA experiment during Run | of the Fermilab Tevatron. uncertainty of 27 GeV/c? being a realistic goal for Run Il of the Tevatron. To be able to make maximum use of this precision measurement to constrain
The new method yields a top mass of M,,=180.1 + 3.6 (stat) = 4.0 (syst) GeV/c?, which corresponds to a significant reduction in the the mass of the Higgs, we need to measure the top mass with an uncertainty of less than 3 GeV/c2 This will yield a prediction for the Higgs mass with
uncertainty on M,,. Assuming Standard Model coupling in the tbW vertex, we extract for the first time at D/ the longitudinal fraction an uncertainty of 40%.
F=0.56 + 0.31 (stat+M,) + 0.04 (syst). Helicity of the W boson
C . : : : ) T A precise measurement of the helicity of the W boson examines the nature of the decay vertex tbW and W b W
R o O e o o o e e o e | provids  tingen test of Standrd . The standard top cuc s 2 VoA chrgedcurent vk
il B P e 4 o K ; . . yth g th ih P y S e ?tpd that it Fq - le withi th- interaction. To conserve angular momentum, the emitted b quark (essentially massless, with its helicity AN > A . ATA
e v vy ot 0 s ST 1 et S o St i S | Gomnantly egatve, T, s pointig oot o s e of fignt e rest rame ot e wp uargcan | > 2] T
U 0 IR h Wl S :yth E[) B i pl P P9 : 9 Y point either along the top spin, with the spin projection of the W vanishing (i.e., longitudinally polarized), or . . . j
B T SRt 2 T R GeppoHcs in the direction opposite to the top spin, in which case the W must be left-hand polarized (negative helicity). /\ /\
3 Top Quark Production Hence, for massless b quarks, a top quark can decay to a left-handed W (negative helicity W_) or a v/
U . e ; £ longitudinal W (zero helicity W,). Therefore, in the Standard Model (using m=0, M,,,=175 GeV/c? and M,,=80.4
In proton antiproton collisions at Tevatron energies, top quarks are primarily produced GeV/c), top quarks decay to longitudinal, left handed and right-handed W bosons with a branching ratio b
O in pairs, either via ggbar or gluon fusion. At the Tevatron, the main contribution to the w b
s Top Mass ttbar yield during Run | was from qgbar annihilation. This is purely the result of the fact n F = v » 0 F = 1 »07 E= e e 2 W, W .
e % that the parton distribution functions (PDFs) favor this channel at Gs=1.8 TeV. In fact, bbar o1+ 2w - 0 : 3 e 5 Longitudinal Left handed Right handed
C R W helicity about 90% of the top quarks are produced through the quark interaction. t fraction fraction fraction
i / Top Production anc ay W and the angular factor of the matrix element for top decay is contained in Fo ~70% F.~30% .~ 0%
n thar The to : e =t . y iy 3 . 2 3 - 3 = 2 Spin e
p quark is detected indirectly via its decay products. It decays via the weak W(CO0$ ,.) =F %= (1- c0$ )" +F, < (1- codj ) +F, X (1+c0$ ,,,.) Momentum EEEE)
interaction, and according to the Standard Model is almost always expected to decay to Ibbay "8 Ibbay 0 8 Ibba + g |bbaw
W+ i g S il Sulipe yaiEX() Y, Angular momentum conservation in the decay
a b quark and a W boson. This is followed by the W decaying into two quarks or a lepton & - & of the top quark.
SRl I E " ; ! g 3 and similar term for the top decaying to
The final state of the ttbar system has different topological classifications that depend W rest frame - quarks.
on the decay of the W. This analysis uses the “lepton+jets” channel, and corresponds to Vi i o - B % d
one W decaying leptonically (into a e or a m), while the other W decays hadronically. J.é",ga{():fanf t?,ggssmf“‘r"éii?on Oef '
This channel has a branching fraction of about 30%. the top quark in the rest frame _ | |
of the W boson. (EIETETEIN] -.-uuu':;; el :Jh.‘u.--::..ul:.-b '.TJ:;.'.;.--::..--I:.-D.

Matrix Element Method

Signal Probability Pgg,q(X;a) ‘— —} Transfer Functions W(X,y)

This method calculates the probability of each event of being signal as a function of the ! i ; : -
To calculate the signal probability of ttbar->lepton+jets, P, (X;a), an integration must be parameter we are measuring (F, and M) [6,7,8]. The probability for e  ach event being Srbsinti itabillyesoF saiiiugt SOt i ARHBh) . Reoive i o e taispriaIeaity e
performed over 20 variables, corresponding to the vector momenta of the six finalstate background is also calculated. The results are combined in one lkelihood for the sample. pI’OdUCEdd(X Jet I\I/arlables,dy g@rton vgrlables)h It is tal'll(en e d| flfant“_:r)n ;Oré]]lzjantlltl(?s that
particles and the longitudinal momenta of the incident partons. Inside the integrals there are These probabilities are functions of all momenta for the measured lepton and jets. In the corrlespon 3 W% mde asur;le ) Jectsa Xle USRS gr;i nul ar{ty SR ogmeterﬁ
15 d-functions. Four for total energy and momentum conservation and eleven from the transfer previous analyses [3], the data was compared with two-dimensional templates and the fgng = a;]re cfon5|_ s hwe eais S yiok s'"C?”er}erng 2 e_(;ec rgns ?Ire measurotla qusl\ﬁ
functions (see Transfer Functions). The calculation of P, (x;a) therefore involves a five- features of individual events were averaged over the variables not considered in the template. Ty QEgEln e mpmenta flecieelTORSA I aa Bt BOR PR ICO S LN
di e E e e S Y 1 RN | P >m, the muon momentum is often not well measured, so the muon momentum resolution has to
G el SN e o e e L U By e LRE O - The probability of an event as a function of a parameter a that we would like to extract is be included. The effect is taken into account by integrating numerically over the resolution of
momentum of one of the quarks were chozsgn as the integration variables. The reason for this is proportional to the differential production cross section. When the reaction is initiated by partons the muons. For the e+jets final states, we write:
that the value of the matrix element |M]? is negligible, except near the four peaks of the Breit- inside a proton, and the resolution of the detector cannot be ignored, then the cross section has to 4 4
Wigners corresponding to the two top and W decays. be folded over the parton distribution functions and detector resolution, and integrated over all the W(x y)=d¥(p’ - pY) Ow,(E’,ENOd 2(W - W)
Since we cannot distinguish which jet is associated with which quark, all possible combinations possible parton variables y leading to the observed set of variables x (I.e. jets and leptons): ; e e jet ] r: I I
that can lead to the observed final state in the detector are included in the calculation. In o 1 =l =
addition, there are more than one solution to the neutrino kinematics, and all solutions that P xa)=— ~ ’15 a)dadaq f f W(xV)
are consistent with energy and momentum conservation are taken into account. This 0( ) S Gj (y; ) 419G (q) (qZ) ( Y) tﬁvgeraertg)r:ean?jnqetpexre]efrizs tg?] d Wiﬂ%e\?\%azge :r:gass;:s aﬁ(lje?;o:n rlr;(;menta, PSHIG el
effect_ively increasgs the ttbar cross section by a factor of 12 and requires the additional factor where dns is the differential cross section, f(q) are the parton distribution functions, and W(y,x) is P J gies, i q J s
of 12 in the denominator. the probability that a parton level set of variables y will show up in the detector as the set of
i : Mapping between jet and parton energies - W. (Eparton,Ejet)
I 3 ed f (Q1) f (qz) variables x et i3 ]
F?tbar(x’a) _125 Ojr 1dnidMLdn§sz a | Mttbar(a) I2 |q1 "qz| fGVVja(X, y) i
tt comin ! : ot ! .
U = All the processes that can contribute to the observed final state must be included in the The mapping between parton and jet energies is determined by the : :]
O where r , is the momentum of one of the jets, m;, m, are the top masses, and M,, M, are the probability. Therefore, we include the background probability » _trans_fer fUﬂCtiO'n W el Byartons Ejep)- This functign models the smearing i
c W masses in the event, f(q,),f(q,) represent the parton distribution functions (CTEQ4) for |3 ; gl |3 : + o) 5 in jet energies fr_om effe_cts of radlafuon, ha_dronlzatlc_)n, ] i
incident partons, q,,q, are the initial parton momenta, f 4 is the six particle phase space, 0(X1 Cl,---,CK,a) = Cl signal (X, a) a C, background, (X) _measurement resolution, and jet reconstruction algorithm, taklr_lg i ]1
S Wi,e((x,y) is the probability of measuring x when y was produced in the collision (see Transfer | i=2 | into account the shape of the dE =E,,E, to avoid |~ A
q) Functions), |[M]? is the ttbar->lepton+jets matrix element [4]. underestimation the jet energy. The funptlon is obtained _from f = e
2 where i=1,2,...,K represent all possible contributions to the final state under study Monte Carlo event sample, and parameterized using 2 Gaussians, WA aa ) ona g
one to account for the peak and the other to fit the asymmetric
Acceptance |ntegra|3 H tails, Difference between the energy
h Every criterion used for the selection of the events introduces a bias as a function of the = The probability that an event is accepted depends on the characteristics of the event, and not on S e 1 [exp- de- p)° e SRR 325?55555 ns;t);uritoendj?r: ar;?o:lee
C parameter we are measuring, a. The acceptance integrals correct for this bias. They are the process that produced it. When the effects of the detector aceptance are included, the Jet\ —parton —jet/ /_Zp(pl +p,n) p ng P &P ng 1 carlo simulated ttbar events.
q) performed via Monte Carlo method of integration. “measured probability P(x;a)” can be related to the “production probability P,(x;a)”:
7 15 s Ly where o
E Selection Cl’lt(.i‘l’la . . - . P(X;a) = ACC(X) F%(X;a) p =8 +bE
A set of selections was introduced to improve acceptance for lepton+jets from ttbar relative to We compare the three invariant masses calculated directly using Monte Carlo HERWIG jets after
G) background [1]. The standard requirements are: where Acc(x) include all conditions for accepting or rejecting an event full D@ reconstruction, using the standard criteria, with predictions based on the transfer
R e Lepton: E;>20 GeV,|he]<2,|hm<1.7 functions applied to the parton level.
(WE® - Jets: 34, E>15 Gev, |h|<2
3 'L\{"SS",‘? E;> 20 GeV = We insert last equations into a likelihood function for N events, which compares our prediction o it} :
>< e “E.W”’>60 GeV ; |h,, |<2 with the data. The best estimate of a parameter a, will therefore minimize this likelihood function A ak f \II L3 '
1 — a0 — | \
8 We also applied specific selections for this analysis: c’>\l — g = " o / - -_./
E ol - Since we use a leading-order matrix element in our calculation of the probabilities, we -InL@) =- a In P()§ a)+N d\cc(x):’(x;a)dx w £ b Wagmaz
CG restrict our sample to only 4 jets i=1 e ok O b
*To increase the purity of signal, we apply a selection in the badground probability, I = g e
" : — ; e e (a)m E- s “I&?In = L (b) E- s E ) ".Inxlﬂ
E°f S i W+jets .-'3 B sonn s - . - e .. - . .. Three jet invariant mass for the decay products of the top quark. The fully simulated and reconstructed
E .| sl H{bar @175GeV/c — Appr0X|matlon5 in the probabllltles definitions (thlngs to do better with more StatIStICS) Monte Carlo HERWIG events (histogram) are compared with a prediction using parton model and transfer
H 1 - functions (solid line). The dashed line corresponds to a transfer function with a variant parameterization.
it = Only ggbar production: it does not include 10% of ttbar events that are produced by gluon fusion (a) Only the right combination among jets is considered. (b) Three invariant mass using all possible
o - OnIy W+jets background' that is ~85% onIy of the background combination among jets and restricting the sample to only 4 jets without requiring jet-parton matching.
2 p = L eading-Order ttbar matrix element: no extra jets, constrains our sample to have only 4 jets ' Background Probability Pbackgmund x)
After these approximations, the likelihood function is < It is defined only in terms of the main background (W+jets, 85%), P.jt(X), Which proves to be
Rt g‘ - an adequate representation for multijet background
W koo pm i -InL@)=-a |r{C1Fftbar()§ ;a) +(.‘2PW+jaS()§)]+ NOA(X)[ClRtbar(X;a) +CZPW+jas(X)]dX « The background probability for each event is calculated using VECBOS subroutines for W+jets
' e Ny ’ U, - 17 el i=1 [5]
: . where ¢, and c, are minimized at each point of a. « It uses the same transfer functions for modeling the jet resolutions as used for signal events
Acceptance curves for ttbar Selection applied in order to Acceptance curves for ttbar, 25 L g : t
events as a function of R, after increase the purity of the signal. W+jets and multijet events as a * All the permutations are.con5|dered, tOQEther with all pOSSIbIe values of the z component of
all the selections were applied. Only those events on the left of function of the top mass, M, the momentum of the neutrino
the dashed line, are kept for — after Py, qu<1.10"" was applied. + The integration is done over the jet energies

further analysis.
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D/E Run | Data l'op Quark Mass Helicity of the W Boson
D@ statistics from Run | corresponds to 125 pbl After applying the 552 e o el
standard selection criteria, 91 ttbar candidates remained. Only 71 of Toog B, SO ; g Conclusions
these remaining events have 4 jets. And from this sample only 22 have a ! cug [ ¥t 5
background probability larger than 1.1011. We proceed to extract M, and E ‘. Joos o i p
F, from these 22 events. 246 | . . Cr -
544 [ . o oG 2 i imati ; ;
The minimization of the -In L as a function of only ¢, and ¢, results in g L 06 L -t : : . Using L_Q approximation and'parameterlzed showering, we calculated the event
542 F . r l probabilities, and measured:
=253 E 0.4 |- [ w o
tthar 240 £ g My,p (preliminary) =180.1 + 3.6 (stat) + 4.0 (syst) GeV/c2
and a purity = / A N =0r54 538 ¢ 02 | ™ N . ) ) . . .
PUMEY = Netper/ (Mepar *Nisjers) ose | r ! ; b Significant improvement to our previous analysis, and is equivalent to having
SRV S S S oL L " e 2.4 times more data
f t- f M 140 1 60 1 80 200 1 70 180 190 “_ﬁ- _;. _;. .T.._I__u_ﬁ ¥ '“.‘._ “',u“"-\'_.;. uu“‘_u.I?.
Piiparas a function of M, Top mass (GeV) Top mass (GeV) R : Fo (preliminary) = 0.56 + 0.31(stat+M ) + 0.04 (syst)
_ _ _ _ _ _ Final likelihood for the data sample as a function of M .. The right plot shows ; eoli ; => Fj
- p.-z.is_ th. i Tk o s f'.—1.iz th, run /av=B7053,14358 Dyt il ettt s it i Final likelihood for the data sample as a function of F,. > First F, measurement done at DA
E B TR | [atiats mass and its statistical uncertainty. imize i i
I r s g e e y Fy=0.60 + 0.30,,  assuming M,,=175 GeV/c? We have a_mgthod that allows us to optimize information to extract My, and
E K . " NG AT e F,. The statistical power comes from:
L - [ o - = 1+ 3. + 4. eV/c assuming F,=0.70 ; , :
i (el 2 [ R i o vt X [ Fo=0.56 + 0.3154mtop = 0-04y ] et Ve v’ Correct permutation is always considered (along with the other eleven)
8 SN T IS S N AN SO W1 e - - - el
143 Tbo . 40 140 - (.Be\w::S? ?S‘éVDtgghrggggl'r?i’gg‘é%S:gg %tfgés\'}'/cél error on My, from 5.6 - First F,measurement done at DA v All features of individual events are included, thereby well measured
- E,-1_i F:Q run/ev=B7063/39001 - f'n-a.'ﬁ;-tm run Say=10660,/20166 SR 1the Sta;istical R - CDF measurement of F, = 0.91 + 0.37 (stat) + 0.13 (syst) PRL events contribute more information than poorly measured events
z _.'l: jmte ‘-E 25 _—'-_a.a‘ ete L d - i 0, i . iy
Toaa B b g Tl O SN 84,(:216) U:":jgf108 leptons (70% signal) [PRL 84,216, (2000)] v Tlhet prc(;bablllty) depends on all measured quantities (except for
F o - i - = Corrected for response unclustered energy
m [ : T e 0.5 GeV/c? shift has been applied, based on Monte Carlo studies . o . . .
C '-._T C v This method offers the possibility of increasing the statistics for F
R R s e s : ALY Systematic Uncertainties W boson helicity i
14 a0 B i + 1an 1 o mase | Systematic Uncertainties for top quark mass using both W decay branches
Signal probability as a function of M,,, fordata event with low values Bl e e S e e i e b S e e Determined from MC studies using Run | statistics: v’ For higher statistics, one clearly needs to improve the calculation of
of background probability (signal like events). J Lol JEREY PG gL =T the probabilities, but this method is a better way to do the analysis
Signal model 1.5 GeV/c? [elatalFlunteols d ;
2ot ? g ; To consider for the future:
p?gbggmr;y AT ) Background model 1.0 GeV/c? Background compositeness 0.010 A | method (other & . s Hi . )
! : - oy ] : e : = A very general method (other top quark properties, Higgs searches, etc.
gafa izmple (mr:les). i Noise and multiple interactions PRD 1.3 GeV/c? Noise and multiple interactions 0.006
doa i ¥ 58 52001, (1998)
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corresponds  to a i | > i = - E
e Sk E S0 o Jet Energy Scale 3.3 GeV/c Top-antitop spin correlation 0.008 References
simulation with the E | o l Parton Distribution Function 0.2 GeV/c? Parton Distribution Functions 0.007
measured fractions of E T ; B = 2 A t C i 0.021 [1] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. {74}, 2626 (1995)
signal  (red)  and e T Acceptance Correction 0.5 GeV/c cceptance Correction : [2] D@ Collaboration, S. Abachi et al., Phys. Rev. Lett. {74}, 2632 (1995).
background (blue) g [3] D@ Collaboration, B. Abbott, et al., Phys. Rev. D {58}, 052001 (1998).
events. [4] G. Mahlon, S. Parke, Phys. Lett. B 411, 133 (1997), G. Mahlon, S. Parke, Phys. Rev. D
53,4886 (1996).
Pttbar as a function of FO and Mtop [5] F. A. Berends, H. Kuijf, B. Tausk and W. T. Giele, Nucl. Phys. {B357}, 32 (1991).
Py =5, 37E— D0, run mv=BE2Ed4 /03571 P45 E—5%, run/ew=21940 /13778 [6] R. H. Dalitz and G. R. Goldstein, Proc. R. Soc. Lond. A {\bf 445}, 2803 (1999),
= b ke =y +djuta 3 b EEn 4 3 - L and referenced therein; K. Kondo et al., J. Phys. Soc. Jap. {\bf 62}, 1177 (1993).
T b £ T .E i Because the extracted F is requwe(_:l to lie |n5|dg the physical region, its total uncertainty DB Collaboration, B. Abbot t, et al., Phys. Rev D {\bf 60}, 052001 (1999).
C cannot be greater than 0.34, that is the 68.27 interval for the region between 0 and 1. [7] “Maximal use of Kinematic Information for the Extraction of the Mass of the Top Quark in
el o ITEER R iy B Addmg all the separate components in quadrature, may in fact, overestimate the total single-lepton ttbar events at D@”, J. Estrada, Ph.D. dissertation, University of Rochester,
o E ; gt N : : 2001.
B 1 1 i 1 1 ur;]ce;rtalnty, an'(:j pzrpa}?s El,arlng. it above tl;']e _"Tlt OI. 0.34 for |1|:he _Catse Oit:_no mforma:lon [8] “Helicity of the W in Single-lepton ttbar Events”, F. Canelli, , Ph.D. dissertation,
140 180 180 1 el 140 180 190 whatsoever on k. ully bayesian approach, integrating over all uninteresting parameters, | r | University of Rochester, 2003.
o PITRESE-DB run/ev=O7SI/T7HS _ Py=389E-08, run/m=SI2TB/21 T4 would provide the best way of estimating the uncertainty, but this is not always possible. ] il il
T [ wttiets g uattiets Therefore, if it is possible we should calculate the uncertainties “internally” so this limit i |||_I"' I|_i|||.ll .
= F = F 2 il
pesT? E " [ could be attained. Acknowledaements
zamma | [ - ; i ! X
. : : 22 —1 _____ - : We calculate the the systematic error due to the uncertainty on the top mass, integrating We thank T. Ferbel and G. Gutierrez for their contributions to this analysis.
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e S ——— mass. There_fore, th_e statistical error in _FO zfmd th_e sfystgmatlc effect of the_uncertalnty e v e e e R R e T T T A T T of My,
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uncertainty in top mass is obtained by integrating over the top
mass.




