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Direct measurement of the top quark charge at hadron colliders
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We consider photon radiation it events at the upgraded Fermilab Tevatron and the CERN Large Hadron
Collider (LHC) as a tool to measure the electric charge of the top quark. We analyze the contribu%ms of
production and radiative top quark decaysp$—> 'ylivgbjj, assuming that botb quarks are tagged. With
20 fb ! at the Tevatron, the possibility that the “top quark” discovered in run | is actually an exotic charge
—4/3 quark can be ruled out at theé95% confidence level. At the CERN LHC, it will be possible to determine
the charge of the top quark with an accuracy of about 10%.
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I. INTRODUCTION this scenario, the particle discovered in run | is Qg A
direct measurement of the top quark charge would provide a
It is widely believed that the new particle discovered atdefinitive test of this interpretation.
Fermilab in 19951,2] is the long sought top quark. Its be-  There are several techniques to determine the electric
havior is certainly consistent with standard mo@®M) ex-  charge of the top quarky;,,, in future collider experiments.
pectations for the top quark, but many of its properties aréAt a lineare*e™ collider, the full set of form factors describ-
still only poorly known. In particular, the top quark’s electric ing the most generaytt vertex function compatible with

charge—one of the most fundamental quantities characteriz-grentz invariance can be probedefie” —tt [5] (similarly

ing a particle—has not been measured yet. It still remains ndfor a muon collidey. A photon-photon collider would pro-

only to confirm that the discovered quark has charge@/8  vide even more precision via the two electromagnetic verti-

hence the expected SM quantum numhepst also to mea-  ces inyy—tt. The status of future lepton and photon col-

sure the strength of its electromagnéfitv) coupling torule jigers is unfortunately still somewhat uncertain, but in the

out anomalous contributions to its EM interactions. meantime top quarks will be produced copiously at the Fer-
Indeed, one alternative interpretation has not yet beefiiap Tevatron and the CERN Large Hadron Collider

ruled out: that the new particle is a charg@/3 quark. In the L Lo -
published top quark analyses of the Collider Detector at FergLHC)' At these hadron colliderd{ production is so domi

milab (CDF) and DO Collaborations(see Ref[3] for a re-  nated by the QCD processgg—g* —tt andgg—tt thata
view), the correlations of thé quarks and th&V bosons in  measurement of theitt form factors viaqgq— y* —tt is
pp— tt—W*W~bb are not determined. As a result, there is hopeless. Instead, one can measure the top charge by mea-
a twofold ambiguity in the pairing oV bosons anth quarks, ~ SUring the charges of its decay products, the final sigéts
and, consequently, in the electric charge assignment @ndW bosons. One can further attempt to determine not only
the “top quark.” In addition to the SM assignment, the top quark’s charge but also the EM coupling strength by
t—W+tb, "t"—W-~b is also conceivable, in which case directly studying top's electromagnetic interactions through
the “top quark” would actually be an exotic quark with photon radiation irtt events.
chargeq= —4/3. The first method—measuring the top charge by recon-
Interpreting the particle found at Fermilab as a chargestructing the charges of its decay products—is difficult to
—4/3 quark is consistent with current precision electroweakealize fortt— all jet decays; however for di-lepton decays,

data. CurrenZ—1%1~ andZ— bb data can be fit with a top tt—|*»l~vbb, and for semileptonic decayst—|*vjjbb,
quark of massn,~270 GeV, provided that the right-handed it should be feasible. Thé-jet charge can be determined
b quark mixes with the isospir 1/2 component of an exotic from a measurement of the charges associated with the tracks
doublet of charge-1/3 and—4/3 quarks, Q1,Q.)g [4]. If in the jet. A preliminary measurement of thejet charge
the top quark would have a massmf~270 GeV, it would using run | CDF datd6] shows a slight preference for the
have escaped detection in run | of the Fermilab Tevatron. I'8M top charge assignment. The direct measurement of the
b-jet charge has the disadvantage that many tadgmabrks
are needed to obtain a statistically significant result. In a

*Email address: baur@ubhex.physics.buffalo.edu given event, missing or out-of-cone tracks can distort the
"Email address: mabuice@uchicago.edu measurement. Information on thejet charge can also be
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events where thé quark is identified via a soft lepton tag, 40%, which is included in all our numerical results. Top
i.e., where théb quark decays semileptonically,—cl,v. In quark andw boson decays are treated in the narrow width
the absence oB,— By and B,— B, mixing, the charge sign approximation. In this approximation, there are three contri-
of the lepton is directly correlated with the charge sign of thebutions top p— yl = vbbjj:
parentb quark. The difficulties associated with using soft (1) Radiation in top productiorp(b)—ﬂy—> 'yliVijj.
lepton tagged quarks are low efficiency due to the small . e B - —

. ) . (2) Radiative top decay: pp—tt—yW bW b
b—clv branching ratio and the presence of wrong sign lep- o — ) = o
tons originating fromBy— By andB.— B, mixing, which one vlI=vbbjj. Here either the or t quark decays radiatively.
has to correct for. In addition, if only the charge of the Y& denote these decays generlcallytE?'W_by. _
decay lepton is measured, only the sign but not the magni- (3) Radiatve ~ W decay: pp—tt—W" bW b
tude of the charge of thle quark is determined. —yl=vbbjj. In this case, one of th&V bosons decays ra-

In this paper, we explore the possibility of measuring thediatively, W—Ivy or W—jj v.

electric charge of the top quark at hadron colliders through  Both tty production and radiative top decays are sensitive
photon radiation irtt events, assuming that the EM coupling to q;,,. On the other hand, radiativ decays are not, and
strength takes its SM valleBecause top quarks can radiate should be suppressed by cuts. This can be achieved by re-
photons in both top quark production and top decay, we conguiring that

sider both processes:
m(jjv)>90 GeV and my(ly;p1)>90 GeV, (3)

=) =)
pp—tty and pp—tt, t—Wby. @) where pr denotes the missing transverse momentum origi-
We concentrate on the leptoh jets modée? nating from the neutrino in the event which is not observed,
and m(jjy) is the invariant mass of thgjy system.
pp— 1= vbbjj, 2 my(ly;py) is the lypr cluster transverse mass, which is
given by

I=e, u, and assume that both quarks are tagged. We
present results for the SM top quark and for comparison we m2(1y; pr) =[Vp3(l y) + m?(ly) + p+12—[p+(1 y) + B11%,
also consider a charge 4/3 quark of the type discussed in (4)
[4].

Photon radiation in top quark events was not observed b

the Tevatron experiments in run I. In run Il, an integrated
luminosity of 2—20 fb! is envisioned, and a sufficient —!?7: the cluster transverse mass sharply peaks atthe

T . boson massM,y. In the narrow width approximation, the
number ofyl=»bbjj events may be available to measure thecuts listed in Eq(3) completely eliminate the contributions

top quark charge. At the LHC, where the cross sectiortfor ¢, a giativew decays to thel * vbbjj final state. We thus
production is more than a factor 100 larger than at the Tevai'gnore radiativeW decays in the following

tron, one can hope for a determinationcpf, with a preci- The matrix elements for
sion of about 10%.

Details of our calculation are given in Sec. Il. In Sec. llI
we present results of our numerical studies. In addition to
total cross sections, distributions for the transverse momenare calculated usinglADGRAPH [7] and theHELAS library
tum of the photon and the separation between the photon anfd], including the spin correlations for the subsequent top
the b quarks in the pseudorapidity—azimuthal angle planedecays. To compute the matrix elements for
are found to be sensitive ty,,. In Sec. IV we perform a - o o
guantitative analysis of how well the charge of the top quark gg, qq—tt, t—W'by, t—Wb (6)
can be measured at the Tevatron and the LHC. Finally, in
Sec. V, we present our conclusions. and its charge conjugate sibling, we use the crossed form of

the W—tby matrix elements of Ref[9]. We ignore spin
II. DETAILS OF THE CALCULATION correlations in the decay of th&/ boson int—W*by. For
thet—W™b decay, spin correlations are taken into account.
. . - @ll numerical results presented below are obtained summing
that bothb quarks are tagged with a combined efficiency Ofover electron and muon final states.

The top quark chargey,,,,, is treated as a free parameter
in our calculation. The electric charge of thequark,q, is
felated toq,p bY

herept(ly) andm(ly) are the transverse momentum and
he invariant mass of théy system, respectively. FOW

99, qqg— tty— = vbbjj (5)

IThis is required by electromagnetic gauge invariance for on-shel
photons radiated int events.

2Although di-lepton eventspp— yl* vl ~vbb, are cleaner than Jb= Gtop— Aw > (7
leptontjets events, their branching fraction is about a factor of 6
smaller than that of the lepterjets mode. The all-jets mode has a Whereq,,= =1 is the charge of th&/ boson. The sign ofjy
larger branching ratio than leptetjets, but is plagued by a large depends on whether the third component of the weak isospin
QCD background and, therefore, is also not considered here.  of the “top quark” is T3=+1/2, as in the SM, orT;
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=—1/2, as in the scenario of R4#]. We assume th&/tb  creased due to pileup effects caused by the large number of
coupling to be ofV—A form and BR(—Wb)=1. The fer- interactions per beam crossing. In the following we only
mions originating fromW decays are assumed to be mass-consideryl * vbbjj production at the LHC in the low lumi-
less. nosity environment.

We note for future reference that the differential cross we do not consider any potential background processes
sections forg g—>ﬁy and forqa gg—>t_t with one top quark here. The dominant background is expected to originate from
decaying viaa— Wby are invariant under the transformation Wy +jets production and should be manageable in much the
same way as th&/+jets background fott production.

Jtop— ~Ctop:  Aw— —CGw, Opb— - 8
Since interference effects between the incoming light quarks ll. PHENOMENOLOGICAL RESULTS
and the final state top quarks gg—tty are very small In this section we present our results for total cross sec-

(they contnbute less than 1% to the cross segfitite cross  tions and various photon distributions. We look at contribu-
section forp p—> yI=* vbbj j is to a very good approximation tions from individual subprocessésdiative production, ra-
invariant under the transformatidB). This will be relevant  diative decaysand compare results for the SM top quark to
when we estimate how wetj;,, can be measured in future those for an exotic charge 4/3 top(as in Ref.[4]) in order

Tevatron and LHC experimen{see Sec. V. to determine which quantities are sensitive to the value of
For all our numerical simulations we have chosen the sety,, .
of SM input parameters to be,=175 GeV[10,11], m, The events passing the cuts listed in E@.and (10)—

=5 GeV, My=80.3 GeV, sif6,=0.23, and a(My) (14) can be split into three separate samples, each designed
=1/128 [12]. We employ Martin-Roberts-Stirling set R2 to enhance one of the three subproces@gsadiation in top
(MRSR2 parton distribution functionil%], seIecEing the production (uﬁy selection cuts}, (i) radiative top decay
value of the factorization scale to hg = \/g wheres is the  with leptonically decayingW (“t—Why—Ilvby selection
squared parton center-of-mass energy. Calculations are camts”), and(iii ) radiative top decay with hadronically decay-
ried out forpp collisions atys=2 TeV (Tevatron andpp  ing W (*t—Wby— jjby selection cuts}. B
collisions atys=14 TeV (LHC). The event sample for radiation in top productiott

To simulate detector response, we impose the followingselection cutsis obtained by suppressing radiative top decay
common transverse momentum, rapidity, and separation cugvents. We do this by selecting events which satisfy

at the Tevatron and LHC: .
m(b; 5jj ¥)>190 GeV and

pr(b)>15 GeV, |7(b)|<2, )
mr(by 4 = ;1) >190 GeV. (16)
pr(1)>20 GeV, [7(1)|<2.5, (10
) , Here,b,, b,=b, b, andb;+#b,. We note that by imposing
pr(j12>20 GeV, |[n(j12)]<2.5, 1) the cuts on eitheb-quark combination, we conservatively
. - assume that the charges of the individbajuarks have not
p1>20 GeV, AR(i,j)>0.4 for i#], (1 oo e e a
The total cross sections far;,,=2/3 andqi,,= —4/3,

imposing theﬁy selection cuts of Eq(16) and the cuts
As mentioned above, we assume that bbttquarks are described in Sec. I, are listed in Table | A for the Tevatron

tagged(40% combined efficiendyso thatb andb are distin-  @nd the LHC. At the Tevatron, thity cross section is com-

guishable fromj; andj,. In addition, we require that pletely dominated byqq annihilation. As a result, photon
radiation off the initial state quarks constitutes an irreducible

pr(y)>10 GeV, [7(y)|<2.5 atthe Tevatron (13)  background which limits the sensitivity of the cross section
t0 Qyop- In contrast, at the LHC more than 75% of thiey

wherei,j=1v, I, b, b, j1, j». j1, andj, denote the two jets
originating from the hadronically decaying in the event.

and . S . .
cross section originates from gluon fusion. Since gluons do
pr(7)>30 GeV, |7(y)|<2.5 atthe LHC. (14) not radiate photons, the LHC cross section scales approxi-
mately with qtzop. Radiative top decays contribute about
Here,  is the pseudorapidity, and 10%-20% (1%) to the cross section fod,,=2/3 (Qiop

o o R, = —4/3) in this phase space region. At both the Tevatron and
ARG, j)={[A(i,))]*+[An(i,j)]7} (15 LHC, increasingqy,p| increases the total cross section with

is the separation between two particlesand j in the ttyﬂs]ele(;]tlon cuts. distributi for the |
pseudorapidity—azimuthal angle plane. e photon transverse momentum distributions for the in-

The transverse momentum cuts listed in EG9)—(12) dividual contributions to theylivb_bjj differential cross
and in Eq.(14) for the LHC are sufficient for running at low section at the TevatrofLHC) for tty selection cuts are
luminosity, £=10* cm™2 s™!. For operation at the design shown in Fig. 1(Fig. 2) for both q;,,= 2/3 andg,,= — 4/3,
luminosity of £=10* cm 2 s !, the pr cuts must be in- keeping the same vertical scale for both charges. The cross
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TABLE I. Integrated cross sections foyltuEbjj production at the Tevatroan collisions at /s

=2 TeV) and the LHC pp collisions at\s=14 TeV) for Oiop=2/3 andd,,= —4/3 imposing(A) tty
selection cuts(B) t—Wby—Ilvby selection cuts, anéC) t—Wby— jjby selection cuts. In addition, the

cuts described in Sec. Il are imposed. In each case, the contribution$tf1;op1r|oduction,t_t production with
t—Wby—Ilvby, andtt production witht—Whby—jjby are shown.

A. tty selection cuts

tty t—Wby—lvby t—=Wby—jjby
contribution contribution contribution total

Tevatron,gop=+ 5 1.70 fb 0.12 fb 0.10 fb 1.92 fb
Tevatron,giop= — 3 2.37 b 0.03 fb 0.02 fb 2.42 th
LHC, Giop=+ 3 33.3 b 5.78 fb 4.86 fb 44.0 fb
LHC, iop=—3 111.4 fb 1.21fb 0.97 fb 113.6 fb

B. t—Wby—Ilvbvy selection cuts
Tevatron,gop=+ 5 0.36 fb 0.26 fb 0.13 fb 0.75 fb
Tevatron,gyop=— 3 0.52 fb 0.07 fb 0.03 fb 0.62 fb
LHC, Qiop=+3 0.68 fb 3.67 fb 2.26 fb 6.61 fb
LHC, Qiop=—3 2.25 fb 0.87 fb 0.59 fb 3.71 b

C.t—Wby—jjby selection cuts
Tevatron,gyop= + 5 0.11 fb 0.06 fb 0.19 fb 0.36 fb
Tevatron,gop= -3 0.16 fb 0.01 fb 0.05 fb 0.22 fb
LHC, Qiop=+3 0.15 b 1.07 fb 3.63 fh 4.85 fb
LHC, iop=—3 0.49 fb 0.26 fb 0.85 fb 1.60 fb

section fromtt production followed byt—Wby—Ilvby is mr(byd~ y;pr)<190 GeV and

about 20% larger that fronpp—tt followed by t— Wby

—]jby over most of thept range considered. At the LHC,

the p1(y) distribution for the radiative top decay channels m(by1jj ¥)>190 GeV 17
drops much faster than that fp(rb)%tty.

A sample for radiative top decay with leptonically decay- - ) o
ing W (t—Whby—|vby selection cutsis obtained by re- N addition to Eq.(16) being not satisfied. These cuts en-

.. . . (=) e .
quiring that hance the contribution of the procegsp—tt, with
0 0
10 él T T 7T | LI T | T UL I UL Ié 10 él T T 7T I T 7T T 7T | T UL | T T 7T Ig
Fa) PP > 7vjjbb ] - b) PP > 7wjjbb
ol vs=2Tev | | Vs =2 TeV |
1077 & ER 3
F tty cuts 3 F tty cuts 3 FIG. 1. The photon transverse
= L Qp=2/3 1 L Gtop=—4/3 1 momentum  distribution forpp
Q2 102 - - 10—2 - ~ —>y|¢1£)bjj at the Tevatron, im-
@ N 3 E ] posingtty selection cut$see Eq.
o~ FoN . - . (16)], for (& gip=2/3 and (b)
5 8L \.._\ P N _ Giop=—4/3. Shown are thetty
S E ‘\\,‘\ 3 E 3 (solid ling), tt, t—=Wby—lvby
& C "»\_\‘tﬁ%yaww ] E 1 (dashed ling and tt, t—Whby
- t->Wb7—>jjb-;‘-‘ N - N £ Wby >lby —jjby (dotted line contribu-
1074 |- % - 1074 RN — tions. The additional cuts imposed
= “ 3 F iR 4 . .
F N 3 F BN ] are described in Sec. Il.
i RN ] [ t-Wby-jjby ™ |
10—5 11 1 1 | 11 i | | 11 I*I\l 11 1 | 10—5 11 1 | 11 1 1 |§‘}\ 11 1 | 11 1 1
0 50 100 150 200 0 50 100 150 200
pr(7) (GeV) pr(7) (GeV)
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1 1
10 gl TTT I LU IIII|I|II|IIII|II||§ 10 gl TTT | LI IIII|IIII|IIII|IIII§
- a) PP~ 7Wjjbb ] F ) PP~ 7lijbb ]
ol Vs =14 TeV | ol Vs =14 TeV |
107 3 0 F E
F tty cuts  J F tty cuts 3 FIG. 2. The photon transverse
%‘ :‘ Qtop=2/3 1 i Quop=—4/3 ] momentlin distribution forpp
2 10! :_‘*.“\ - 1071 | - —>y|;vbbjj at the LHC, impos-
< £ kY ] E 3 ing tty selection cuts[see Eq.
~ Lo ] NN i ] (16)], for (@ 0y,p=2/3 and (b)
K> LA i LY ] _
%P 02 L 3 402 L -._\.) | qt0p=—4/3.§hown are thety
S E '-§‘ 3 E 3 (solid line), tt, t—=Wby—Ilvby
o r "'-\ ] C "..\ ] (dashed ling and tt, t—Whby
- kN B 1 S 1 —jjby (dotted ling contribu-
1073 | 5 t> Wby > jjby 1073 Y . tions. The additional cuts imposed
£ N ] F 3y t>Woy ~lvby E are described in Sec. Il.
r ‘\t>Wby-by ] r b ]
L B ] L Y t->Wby-jjby i
A\ 2
10_4 IIII|IIII|'~|\I 11 | 111 1 | 113 ) | 1111 10_4 Illllll;'\d | 111 | 1111 | 1111 | 1111
0 100 200 300 400 500 600 0 100 200 300 400 500 600
pr(7) (GeV) pr(7) (GeV)

t—Wby—Ivby. Similarly, to get events with radiative top  when we switch frong,,,=2/3 to q;,,= —4/3. Recall that,
decay and hadronically decayiMy(t—Wby—jjb+y selec- in contrast, the cross section increased with the change in top

tion cuty we impose charge fortty selection cuts. This suggests that taéo of
4 the cross section associated with radiation in top production
Mr(by 4~ ¥;r)>190 GeV  and to the radiative decay cross section would be very sensitive
to the top quark charge. This issue is explored in the next
section.
Combining the cross sections for all three phase space

160 Ge\m(b, 4jj y)<190 GeV (18)

and require that Eq.16) is not fulfilled. We thereby obtain ) bout §0- ¥bbij he T

; ; D , t about vbbj] events at the Tevatron
an event sample in which the proce$£p)—>tt, with regions vy;:‘ expec .
t—Whby—jjby is enhanced. The cuts are imposed on eithefor 20 o~ The numbgr of events expectgt'j. at the LHC is
of the b-quark combinations, i.e., we assume that it has no@bout an order of magnitude larger: 586 vbbjj events for

been determined whether theor theHoriginates from the 10 fb*. . . .
radiative top quark decay. Since the finite experimental reso- (etumning to the radiative decay sample, we show in
lution of detectors significantly broadens the Breit-WignerFig. 3 the individual contributions to thel = vbbjj differen-
resonance fot—Wby— jjby, we have chosen a relatively tial cross section fot—Whby—Ivby selection cuts at the
large window for m(b, 4jj y) around m,. Requiring that Tevatron forg,,,=2/3 andq,,= —4/3 as a function of the
events do not satisfy Eq16) significantly improves the ef- photon pr. The individual contributions at the LHC are
ficiency of thet— Wby selection cuts. shown in Fig. 4. We see that the contribution fraty pro-
The cross sections forpp— yl*vbbjj imposing duction in the SM at the Tevatron exceeds that from
t—Whby—Ilvby [Eq. (17)] and t—Wby—jjby selection pp—tt with t—Wby—lvby only for p:(y)<25 GeV
cuts [Eq. (18)] are shown in Tables IB and IC fay,, [Fig. 3@] Increasing the photopy cut thus improves the
=2/3 andq;,,= —4/3. The total cross sections are smallerefficiency of thet—Wby—Ivby selection cuts, at the cost
than the corresponding numbers foty selection cuts. Of @ reduced event rate. Because the cross sections for the

Moreover, the cross section fat production followed by radiative top decay processes decrease, whereds yhate
radiativet decaydecreasedy a factor 3 to 4 when the top increases whem,,= —4/3, tty production is the largest
quark charge is varied fromy,,=2/3 toq,,,= —4/3. Thisis  contribution to the differential cross section over the entire
due to interference effects between the diagrams where ther(y) range considered at both the Tevatron and the LHC
photon is radiated from thequark line and the diagrams [Figs. 3b) and 4b)]. The differential cross section of the
where the photon is either emitted from the final stater t—Wby—jjby “background” drops much faster with
theb quark. For the photopt cut used, a significant fraction pq(y) than those of the two other contributions for
of the events in the SM at the Tevatron in the regions definethrge photon transverse momenta. WherWhby—jjby

by thet—Wby—Ilvby andt—Wby—jjb vy selection cuts selection cuts are imposed, qualitatively similar results
originates fromtty production. Forg,,,= —4/3, tty pro- are obtained, with the roles of the~Wby—Ilvby and
duction is in fact the dominant source in these regions. Nonet—Wby—jjby curves exchanged and somewhat reduced
theless, the net result is a decrease in the total cross sectigontributions fromtty production.
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-1 -1
10 gl TTT I TTTT IIII|I|II|IIII|II||§ 10 gl LI | LI | TTTT | TTTT | LU I TTT Ié
r -a) PP~ Wvjjbb ] r b) PP »7wjjbb ]
N vs=etev | o[ VE=2 Tev |
i Eld3 E
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The preceding results are summarized in Figs. 5 and &he phase space restriction on the photon energy in radiative
Figure §a) shows the total SMd;,,= +2/3) cross section top quark decays.
for pp—yl“vbbjj at the Tevatron, with all contributions ~ In Figs. §b) and @b) we compare cross sections for
from radiation in top production and radiative decays com-Oiop= *2/3 (solid curve$ and g,,= —4/3 (dashed curves
bined. The three curves correspond to the three sets of selgler the Tevatron and LHC, respectively. In each figure the
tion cuts. Figure @) shows the corresponding results for the upper pair of curves corresponds ttby selection cuts and
LHC (with pp initial state. We see in these figures, as we the lower pair includes events from both radiative decay re-
have a|ready seen in Table I, that ]]h@/ selection CUt$SO|id gionS combined. The figures show that at both machines, the
curves result in higher cross sections at both colliders thareffect of increasindq| is to increase the cross section in
the cuts for radiative decays-Whby. In Figs. §a) and 8a)  the tty cuts region and to decrease it in the radiative decay
we also see that the photon distribution imposirRgWby  regions, for all values of photop;. At the Tevatron, how-
—lvby and t—Wby—jjby selection cuts drops much ever, since the contributions from radiative top quark decays
faster than thepr(y) distribution in the phase space region are small iftty selection cuts are imposed, changing the top
defined by thetty selection cuts. This is a consequence ofquark charge has little influence on the shape of the photon

0 0
10 él T T T | T 7T T T | T T T T I T T T |§ 10 él T T 7T I T T T T | T T T T | T T T lg
&) pp -+ Wjjbb ] - b) pp > vjjbb 1
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FIG. 5. The photon transverse
momentum distribution forpp
—yl*vbbjj at the Tevatron(a)
The individual contributions for
Oiop=2/3, imposing tty (solid
line), t—Wby—lvby (dashed
line) and t—Wby—jjby selec-
tion cuts(dotted ling. In (b), the
photon p; distributions for the
phase space region defined by the
tty selection cuts and the two ra-
diative top decay regions com-
bined are shown fog,,=2/3 and
Giop= —4/3. The cuts imposed are
described in the text.

to be sensitive to the charge of the top quark. In contrast, the

the other hand, at small valuesmf(y), tty production may Photon and thé quark originating from theé— Wb decay in
contribute significantly to the cross section in the regionstt— yW* bW b events are essentially uncorrelated.ttry

defined by the —Wby—Ilvby andt—Wby—|jby selec-

events, the photon andoth b quarks are largely uncorre-

tion cuts(see Table )l The shape of the photon transverselated. Unfortunately, on an event by event basis, it is difficult
momentum distribution in these regions thus may be sensip determine whether theor theb quark originates from the

tive to qyop [lower curves in Fig. &)]. The curves at the

radiative top decay. However, due to the collinear enhance-

LHC [Fig. 6(b)] also exhibit some shape dependence, albeifhent for small values oAR in radiative top decays,
less pronounced than at the Tevatron.

We can look for sensitivity taj,, in other distributions as

well. In t—Wby, emission of the photon from thequark

line leads to a collinear enhancement at small values of the
separation between the photon andttguark, AR(y,b),aq,
which depends oy, =d;,p,—dw. Therefore, in radiative top should coincide with the photonb-quark separation in ra-
decays, the shape of teR(y,b),.q distribution is expected diative top decays for small values AR. Alternatively, the
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FIG. 6. The photon transverse
momentum distribution forpp
—yl=vbbjj at the LHC.(a) The
individual contributions forg,p
=2/3, imposingtty (solid line),
t—Wby—Ilvby (dashed ling
and t—Wby—jjby selection
cuts (dotted ling. In (b), the pho-
ton pr distributions for the phase
space region defined by thiy
selection cuts and the two radia-
tive top decay regions combined
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= —4/3. The cuts imposed are de-
scribed in the text.
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0.150 ] 0.150 [ o
[ a) pp ~ Yvijbb ] ) pp - Yvijbb ]
0.1=5— Vs =2 TeV —| 0.1235— Vs=2TeV FIG. 7. Comparison of the SM
[ t->Wby-{by cuts ] C t->Wby->{by cuts ] AR(7,b)raq and AR(y,bsy) dis-
3 . 3 . tributions forpp— vyl vjjbb at the
) 0.100 — t - Wby Qop=2/3 —| 0.100~ Gop=2/3 ] Tevatron, imposing t—Whby
=~ r Swby  pe(y)>15 GeV ] i pe(7)>15 GeV ] —lvby selection cu@s(sge text
ﬂ. L . L\ t->Wby-lby - Shown are the contributions from
s L —] L ] — . .
= 0.075 1 0.075 ] tt production with t—Whby
§ i . o Lty . —lvby (solid lines and
S L Lo 4 Lo 4 t—Wby—jjby (dashed lines
0.050 — Lty -] 0.050 \.,\"\ ] andtty (dotted line$ production.
r ; ] 5 N ] The cuts described in Sec. Il are
L g L RN . i imposed, except for the minimum
0.025 — I ] R | ] photon transverse momentum,
3 . - 7RI 8 which has been increased to 15
L | | AW ] [ I | | \. ] GeV.
0.000 I | L1 1 111 1 11 1) 0'000 L1 1 1 Ll 1l I T | L1l = 11
0 1 2 3 4 5 0 1 2 3 4 5
AR(’/vb)rad AR(7rbsl)

AR(y,bgy) distribution, wherebg; is theb or b quark with ~ photon transverse momentum cut pg(y)>15 GeV re-

the smaller transverse momentum duces thetty cross section fot—Why—lvby selection
cuts by about a factor 2, whereas the contributions involving
pr(bsp)=min[pr(b),pr(b)] (200  radiative top decays decrease by only 30%.

We compare thé\R distributions for the two top quark

may be considered. Sincebequark which radiates a photon €harges in Figs. 8 and 9. We display the normalized distri-
looses energy, theg; in tt—yW'bW b frequently origi-  Pution (1b) [da/dAR(y,bsq)] for tt— ylvjjbb with gy,
nates from the radiative top decay. It turns out that the™ 2/3 @ndai,=—4/3 at the Tevatron and LHC, respectively.
AR(y,bgy) distribution more closely resembles the true Normalizing the distributions to unit area .empha3|zes the
AR(y,b), .4 distribution. Figure 7 shows a comparison of the d€Pendence of the shape of h&(y,bsy) distribution to the
AR(7,b),ag and AR(y,by,) distributions at the Tevatron in 0P quark charge. For a charged/3 quark, theAR(y,bsy)

the SM case, imposing—Wby—|vby selection cuts. In d|str|but|_on rises relatively faster in the r(_aglaXR(y,bsf)
each case, the individual distributions of the three contribut=1 butis flatter for = AR(y,bsy) <3, than ifqyo,=2/3. At

ing subprocesses are shown. Qualitatively similar results aréMall values ofAR(y,bs), emission from the>-quark line
obtained for the LHC case, and for-Wby—jjby selec- dominates. Since themagnltudepf o is the same for_
tion cuts. Due to the collinear enhancement at small openingtop=2/3 @nddi,,=—4/3, the differential cross section is
angles between the quark and the photon, th&R(y,b),aq Similar in both cases. However, the total cross section for
distribution rises very quickly with decreasing values of diop=—4/3 within cuts is significantly smaller than for a

AR(y,b),aq for the radiative top decay processes. Eby SM top quark charge assignmefsiee Table )\ due to de-

/ . . structive interference between the contributing Feynman dia-
production no collinear enhancement occurs for either thé . X ; )
grams. This leads to a larger normalized differential cross

AR(y,b) or theAR(y,b) distribution. In Fig. Ta), we have  gaction for gop=—4/3 at smallAR(y,bsy). In the region
chosen theAR(y,b) distribution fortty production(dotted  1<AR(y,bs) <3, the destructive interference is responsible
line). Very similar results are obtained if tieR(y,b) distri-  for the flatness of the (&) [do/dAR(7y,bss)] distribution
bution is chosen instead. Except for the steepness of the digy the Owop= —4/3 case. FOrAR(y,bgsr)>3, the b quark
tribution at small AR(y,bs) for t—Whby—Ivby, the with the smallerp; coincides most of the time with the
shapes of thAR(1y,b);aq and AR(y,bs;) distributions are  pottom quark from theregulay t—Wb decay and, thus,
found to agree reasonably well. carries little information ong,. The shape of the
In Fig. 7 we have increased the minimum photon transAR(y,by;) distribution in the phase space region defined by
verse momentum requirement of Ed13) to pr(y)  thet—Wby—jjby selection cut{Figs. 8b) and 9b)] is
>15 GeV. As we have mentioned befor,y production found to be somewhat more sensitivegtg, than in the case
contributes significantly to the cross section at the Tevatronvhent—Whby—I|vb+y selection cuts are impos¢Higs. 8a)
in the region defined by the—Whby—Ilvby selection cuts and 9a)]. At the TevatronFig. 8), we have again imposed a

for the cuts specified in Sec. II. THey contribution can be  Pt(¥)>15 GeV cut. The shape of theR(y,bss) distribu-
reduced by increasing the cut on the photorfsee Fig. 3,  tion for tt—yW*bW b at the LHC is in general more sen-
at the cost of a decreased number of events. Increasing tisitive to the top quark charge than at the Tevatron.
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e TR I e B T T T T
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z i dash: qup=~4/3 R dash: qiop==4/3 1 lection cuts and (b) t—Why
g . pr(7)>15 GeV | L \\ pr(9)>15 GeV | —jjby selection cutgsee text
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'U .
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IV. QUANTITATIVE ESTIMATES than five events. In each bin the Poisson statistics are ap-

In this section we determine quantitative bounds on proximated by a Gaussian distribution. We use the photon
transverse momentum distribution in the phase space region

AGtop=top— Z (21 defined by thetty selection cuts of Eq(16), and thep;(y)
and AR(y,bg;) distributions of the combined radiative top
which one expects to achieve with 20 fhof data at the decay regions, defined by requiring that events satisfy Eq.
Tevatron in run I, and 10 fb' at the LHC, analyzing the (17) or (18) but not Eq.(16). We impose the cuts described
photonpr and theAR(v,bg) distributions. We also briefly in Sec. Il, except for th\R(y,bgs) distribution, where we
consider the ratio of the cross section associated with radiaeplace thepy cut on the photon of Eq(13) with pt(y)
tion in top production to the radiative decay cross section>15 GeV. We combine channels with electrons and muons
which may be useful for small data sets. (both charge combinatiopsn the final state. We also make
In our analysis of differential cross sections, we calculateuse of the approximate symmetry of the cross sections under
95% confidence levdlC.L.) limits performing ay? test. The  the transformatior(8) and define theb-quark charge to be
statistical significance is calculated by splitting the selected|,=d;,,—1. Confidence levels calculated fog,,= +4/3
distribution into a number of bins, each with typically more will thus automatically apply for a charge4/3 quark, which

1’25_""I""I""I""I'"'_ 1‘25_""|""|'"'I""I""_
[ @) pp->yvjjbb ] [, b) pp-yvjjbb ]
|
100'_ Vs'=14 TeV ] 100'_11 Vs=14TeV ]
i t->Wby->iby cuts i ', t->Wby-jjby cuts
- [ . ] [ ) ] FIG. 9. The normalized
= i solid: qyp=2/3 ] - solid: qop=2/3 ] (/o) [ AR(y,bg)] distribution for
S 075, dash: qup=—4/37] 078 | dash: qup=—4/3"] pp— ¥l vjjbb atthe LHC, impos-
g [ | [ | ing (@) t—Wby—lvby selection
> o 1 Lo . cuts and(b) t—Wby—jjby se-
g [ h [ \ h lection cuts(see text Shown are
& 0.50 I i 0.50 L i the results for a SM top quark
Z L . L . charge assignmentsolid lines
i 1 i 1 and for gip,=—4/3 (dashed
0.25 — - o025k | lines). The additional cuts im-
- 8 - . posed are described in Sec. Il.
ooobee b by w1 ool b by 1
0 1 2 3 4 5 0 1 2 3 4 5
AR(’/vbsf) AR(7rbsl)
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TABLE IlI. Limits achievable at 95% C.L. foAq;, in p(b)ﬂ vyl *vbbjj at the Tevatron and the LHC.
Bounds are shown for the photon transverse momentum distribution in the phase space region defined by the
tty selection cuts, and ther(y) andAR(y,bgs) distributions of the combined radiative top decay regions.

The last row displays the combined limits from the three distributions. bFheark charge is given by,
=(op— 1. The cuts imposed are described in Sec. II. ForARg y,bsy) distribution, thep+(y) cut of Eq.
(13) has been replaced lps(y)>15 GeV.

Distribution Tevatronf £ dt=20 fb?! LHC, f£dt=10 fb
pr(7), tty region ~1.16<Aqp=<1.11 ~0.21<Aqpp=0.24
p7(y), comb.t—Whby regions —0.32<Aqp<1.20 —0.16<AQ;0p<0.18
AR(7,bss), comb.t—Whby regions —0.29<Aq,p<1.10 —0.15<AQ;0p<0.18
Combined —0.21<Aq;,,<0.65 —0.067<A(q;,,<0.070
decays into & quark and anv ™. AR(y,bg;) distribution in the combined radiative top decay

Our calculation does not include QCD corrections whichregions? At the LHC, most of thetty cross section origi-

are expected to modify the cross section by 20%—-40%. Ifates from gluon fusion, and the limits from the phoon
order to derive realistic limits, we therefore allow for a nor-

malization uncertainty oA A’'=30% of the SM cross section.
The expression fo?, which is then used to compute con-
fidence levels, is given bj14]

distribution fortty selection cuts are similar to those which
can be achieved in the phase space regions where radiative
top decays dominate.

While a precise measurement of the top quark charge will
™ (N;—fN?)2 not be possible in run Il of the Tevatron, even with an inte-
XZ:E T+(nD—1), (22)  grated luminosity of 20 fb!, we note that a charge 4/3

=1 i top quark can be ruled out a95% C.L. when the limits
from the different distributions and phase space regions are
combined. At the LHC, with 10 fb!, a measurement of the

for a givenAq;ep, andNiO is the number of events in the SM . 0
in theith bin. f reflects the uncertainty in the normalization top qua_rk charge W'th. an accuracy of about 10% appears 1o
be feasible. As we pointed out in Sec. Il, the cuts we use

of the SM cross section within the allowed range, and iSare suitable for running at low luminosity at the LHC, i.e
determined by minimizing,?: 9 y e,

for £=1023cm? s, At high luminosity, £
1 — _4 =10°** cm 2 s71, the transverse momentum cuts must be
(_1+AN) for f<(_l+AN) increased due to pileup effects caused blthe large number of
f={ f for (1+AN) I<f<14+AN, (23)  interactions per beam crossing. The"vbbjj cross section
R is quite sensitive to these cuts. For example, increasing the
LHAN for f>1+AN, pr cut of theb quarks to 30 GeV and the photon, jet,_and

wherenp is the number of bind\; is the number of events

with missing py cuts to 50 GeV reduces th&y and tt
L — YW bW b cross sections by a facter10 and ~100,
R N2 respectively. It is thus not clear whether running at high lu-
fo= lZl N Elﬁd (24) minosity will improve the measurement of the top quark
- - I

electric charge at the LHC.

In Table Il we display the resulting 95% confidence level ~ The bounds or gy, are in general quite sensitive f0V.
limits for Aqy,, expected from the Tevatron run Il for an If the normalization uncertainty can be reduced Ad\

integrated luminosity of 20 fo!, and from the LHC for =10%, the limits listed in Table Il can be improved by up to
10 fol. The last row shows the combined limits from the @ factor 2. Further improvements may result from using more
three individual distributions studied here. Possible backPowerful statistical tools than the simpj¢® test we per-
grounds are assumed to be subtracted. At both the TevatrdArmed. o -

and the LHC, thep(y) andAR(1,by,) distributions in the For integrated luminosities smaller than 20 that the _
combined radiative top decay regions yield rather similarTevatron, the limited number of events makes a detailed

. . ot . analysis of differential cross sections difficult. In this case,
limits for Aqyop - AS mentioned beforeity production at the the ratioR of the cross section associated with radiation in

Tevatron is completely dominated lyq annihilation and 145 production to the radiative decay cross section, may be

p_h_oFon radiation from th_e initial state quarks limits the sen-yore useful. Many experimental and theoretical uncertain-
sitivity of the cross section tgy;,,. Therefore, the bounds

which can be achieved at the Tevatron from analyzing the————

phot_oin d'Str_'bUt'On in the Pha.s.e space region defined by 3In practice, hadronization effects we have omitted will come into
the tty selection cuts are significantly weaker than thoseplay, and are likely to affect thAR distributions more than those
which can be obtained from either thp(y) or the for the photonp.
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ties, for example, those associated with the particle detectiothe b-quark line may cause the cross section to either de-
efficiencies, the uncertainty in the integrated luminosity,crease or increase withd,,= 0o, — 2/3. For example, for

or th_e u_ncertaintigs from the choice of scale or of the partoqltop: —4/3, the yl*vbbjj cross section via radiative top
distribution functions, are expected to cancel, at leasfuark decays is reduced by a factor of 3 to 4.

partially, in R. The cross section ratio is quite sensitive  The changes in the individual cross sections are reflected
to gyop- From the individual cross sections listed in Table I, in the photon transverse momentum distribution in the vari-
one findsR=1.73 for qi,,=2/3, and’ R=2.88 for qi,p  ous phase space regions. We also found that\tRéy, bs)

120_%/_31 ath the Tevat(;on. I_:o_r 6}” integrgted Iurr?in_?_sity Ofdistribution, wherebg; is theb orEquark with the smaller
» the expected statistical uncertainty at the Tevatror, s sensitive to the charge of the top quark in the phase

is ARi2=0.65 and a charge-4/3 top quark can thus be . . — .
ruled out at—90% C.L. using the crossqsection ratio, if one SPace regions dominated by production, where one of the
' dop qguarks decays radiatively.

ignores possible systematic uncertainties. At the LHC, th :
In order to determine how well one can hope to measure

value of R is even more sensitive tqy,, than at the Teva- i A . hot diation in t K
tron, but enough events are expected to allow a more detaileqiIe Op quark charge using photon radiation in top guar
: events in future Tevatron and LHC experiments, we have
analysis. 2 -
performedy“ tests of thep(y) and theAR(vy,bgy) distribu-
tions in the various phase space regions of interest. At the
V. SUMMARY AND CONCLUSIONS Tevatron, with an integrated luminosity of 20 th one will
be able to exclude at+95% C.L. the possibility that an ex-
otic quarkQ, with charge—4/3 and not the SM top quark,
has been found in run 1. For smaller integrated luminosities,
the number of events expected is very small and it will be

Like most of its fundamental quantum numbers, the elec
tric charge of the top quark has not been measured so f
Thus, alternative interpretations for the particle that we be

lieve is the charge 2/3 Isospin partner of _thquark are notgitticult to perform a quantitative analysis using differential
ruled out. For example_,smc_e the correEltlons oflafupiarks cross sections. In this case, the ratio of the cross section
and theW bosons inpp—tt—W"W~bb are not deter- associated with radiation in top production to the radiative
mined, it is conceivable that thet “‘quark” observed at the decay cross section may be a useful tool. At the LHC with
Tevatron is an exotic quarkQ,, with charge—4/3 which 10 fo~! obtained at£=10* cm 2 s !, it should be pos-
decays viaQ,—W"b. This interpretation is consistent with sjple to measure the electric charge of the top quark with an
current precision electroweak dd. In order to determine  accuracy of about 10%. For comparison, at a linear collider
the charge of the top quark, one can either measure thith J/s=500 GeV andf £ dt=200 fb L, one expects that
charge of theb jet, or investigate photon radiation itt fiop Can also be measured with a precision of about 10%
events. The latter method actually measures a combination ¢i5]. Finally, at ayy collider, it is conceivable that the top
the EM coupling strength and the charge quantum numbetuark charge can be determined with an accuracy of better
Combining the results of the two methods will thus make itihan 194, if theyy— tt cross section can be measured with a
possible to determine both quantities. precision of 29416].

In this paper we have explored the possibility of measur-  The measurement of the electric charge of the top quark
ing Gyop in PP— ¥l “ vbbjj, assuming that both quarks are  at the Tevatron using photon radiation in top quark events
tagged. Our analysis makes use of botly production and is severely limited by statistics. Even with an integrated
radiative top quark decays, and is carried out at the tree leveluminosity of 20 fb'*, gy, can only be determined with
The EM coupling strength is assumed to take its SM valuea precision of 36-100%. However, as we pointed out
Top quark andwW boson decays are treated in the narrowin Sec. |, information on the electric charge of the top
width approximation. Contributions from radiatiVé decays quark may also be obtained from a measurement of
can be suppressed by simple phase space[setsEq.(3)].  the charge of thé jets, and the charge sign of the leptons
The remaining event sample can be separated into @ semileptonically tagget quarks. This may significantly

tty sample, att, t—Wby—ylvb sample, and att improve the precision which can be obtained. Detailed

t—Wby— yjjb sample by imposing invariant mass and simulations will be necessary in order to determine how

cluster transverse mass cliee Eqs(16)—(18)]. well the top quark charge can be measured using these
methods.

In the phase space region dominatedtlby production,
the cross section increases if the magnitude,gf increases.
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