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Direct measurement of the top quark charge at hadron colliders
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We consider photon radiation int̄ t 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 contributions oft̄ tg

production and radiative top quark decays topph→g l 6nb̄b j j , assuming that bothb quarks are tagged. With
20 fb21 at the Tevatron, the possibility that the ‘‘top quark’’ discovered in run I is actually an exotic charge
24/3 quark can be ruled out at the;95% 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

It is widely believed that the new particle discovered
Fermilab in 1995@1,2# is the long sought top quark. Its be
havior is certainly consistent with standard model~SM! ex-
pectations for the top quark, but many of its properties
still only poorly known. In particular, the top quark’s electr
charge—one of the most fundamental quantities characte
ing a particle—has not been measured yet. It still remains
only to confirm that the discovered quark has charge 2/3~and
hence the expected SM quantum numbers!, but also to mea-
sure the strength of its electromagnetic~EM! coupling to rule
out anomalous contributions to its EM interactions.

Indeed, one alternative interpretation has not yet b
ruled out: that the new particle is a charge24/3 quark. In the
published top quark analyses of the Collider Detector at F
milab ~CDF! and DO” Collaborations~see Ref.@3# for a re-
view!, the correlations of theb quarks and theW bosons in
p̄p→ t̄ t→W1W2b̄b are not determined. As a result, there
a twofold ambiguity in the pairing ofW bosons andb quarks,
and, consequently, in the electric charge assignmen
the ‘‘top quark.’’ In addition to the SM assignmen
t→W1b, 9t9→W2b is also conceivable, in which cas
the ‘‘top quark’’ would actually be an exotic quark wit
chargeq524/3.

Interpreting the particle found at Fermilab as a cha
24/3 quark is consistent with current precision electrowe
data. CurrentZ→ l 1l 2 andZ→b̄b data can be fit with a top
quark of massmt'270 GeV, provided that the right-hande
b quark mixes with the isospin11/2 component of an exotic
doublet of charge21/3 and24/3 quarks, (Q1 ,Q4)R @4#. If
the top quark would have a mass ofmt'270 GeV, it would
have escaped detection in run I of the Fermilab Tevatron
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this scenario, the particle discovered in run I is theQ4. A
direct measurement of the top quark charge would provid
definitive test of this interpretation.

There are several techniques to determine the elec
charge of the top quark,qtop, in future collider experiments
At a lineare1e2 collider, the full set of form factors describ
ing the most generalg t̄ t vertex function compatible with
Lorentz invariance can be probed ine1e2→ t̄ t @5# ~similarly
for a muon collider!. A photon-photon collider would pro-
vide even more precision via the two electromagnetic ve
ces ingg→ t̄ t. The status of future lepton and photon co
liders is unfortunately still somewhat uncertain, but in t
meantime top quarks will be produced copiously at the F
milab Tevatron and the CERN Large Hadron Collid
~LHC!. At these hadron colliders,t̄ t production is so domi-
nated by the QCD processesq̄q→g* → t̄ t andgg→ t̄ t that a
measurement of theg t̄ t form factors viaqq̄→g* → t̄ t is
hopeless. Instead, one can measure the top charge by
suring the charges of its decay products, the final stateb jets
andW bosons. One can further attempt to determine not o
the top quark’s charge but also the EM coupling strength
directly studying top’s electromagnetic interactions throu
photon radiation int̄ t events.

The first method—measuring the top charge by rec
structing the charges of its decay products—is difficult
realize for t̄ t→ all jet decays; however for di-lepton decay
t̄ t→ l 1n l 2n̄b̄b, and for semileptonic decays,t̄ t→ l 6n j j b̄ b,
it should be feasible. Theb-jet charge can be determine
from a measurement of the charges associated with the tr
in the jet. A preliminary measurement of theb-jet charge
using run I CDF data@6# shows a slight preference for th
SM top charge assignment. The direct measurement of
b-jet charge has the disadvantage that many taggedb quarks
are needed to obtain a statistically significant result. In
given event, missing or out-of-cone tracks can distort
measurement. Information on theb-jet charge can also be
obtained from the charge sign of the lepton,l b5e,m, in
©2001 The American Physical Society19-1
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events where theb quark is identified via a soft lepton tag
i.e., where theb quark decays semileptonically,b→clbn. In
the absence ofBd2Bd andBs2Bs mixing, the charge sign
of the lepton is directly correlated with the charge sign of
parentb quark. The difficulties associated with using so
lepton taggedb quarks are low efficiency due to the sma
b→cln branching ratio and the presence of wrong sign l
tons originating fromBd2Bd andBs2Bs mixing, which one
has to correct for. In addition, if only the charge of theb
decay lepton is measured, only the sign but not the ma
tude of the charge of theb quark is determined.

In this paper, we explore the possibility of measuring t
electric charge of the top quark at hadron colliders throu
photon radiation int̄ t events, assuming that the EM couplin
strength takes its SM value.1 Because top quarks can radia
photons in both top quark production and top decay, we c
sider both processes:

pph→ t̄ tg and pph→ t̄ t, t→Wbg. ~1!

We concentrate on the lepton1 jets mode,2

pph→g l 6nbb̄j j , ~2!

l 5e, m, and assume that bothb quarks are tagged. W
present results for the SM top quark and for comparison
also consider a charge24/3 quark of the type discussed
@4#.

Photon radiation in top quark events was not observed
the Tevatron experiments in run I. In run II, an integrat
luminosity of 2–20 fb21 is envisioned, and a sufficien
number ofg l 6nbb̄j j events may be available to measure t
top quark charge. At the LHC, where the cross section fot̄ t
production is more than a factor 100 larger than at the Te
tron, one can hope for a determination ofqtop with a preci-
sion of about 10%.

Details of our calculation are given in Sec. II. In Sec.
we present results of our numerical studies. In addition
total cross sections, distributions for the transverse mom
tum of the photon and the separation between the photon
the b quarks in the pseudorapidity—azimuthal angle pla
are found to be sensitive toqtop . In Sec. IV we perform a
quantitative analysis of how well the charge of the top qu
can be measured at the Tevatron and the LHC. Finally
Sec. V, we present our conclusions.

II. DETAILS OF THE CALCULATION

Our calculation is carried out at the tree level. We assu
that bothb quarks are tagged with a combined efficiency

1This is required by electromagnetic gauge invariance for on-s

photons radiated int̄ t events.
2Although di-lepton events,pph→g l 1n l 2n̄b̄b, are cleaner than

lepton1jets events, their branching fraction is about a factor o
smaller than that of the lepton1jets mode. The all-jets mode has
larger branching ratio than lepton1jets, but is plagued by a larg
QCD background and, therefore, is also not considered here.
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40%, which is included in all our numerical results. To
quark andW boson decays are treated in the narrow wid
approximation. In this approximation, there are three con
butions topph→g l 6nbb̄j j :

~1! Radiation in top production:pph→ t̄ tg→g l 6nbb̄j j .
~2! Radiative top decay: pph→ t̄ t→gW1bW2b̄

→g l 6nbb̄j j . Here either thet or t̄ quark decays radiatively
We denote these decays generically byt→Wbg.

~3! Radiative W decay: pph→ t̄ t→W1bW2b̄

→g l 6nbb̄j j . In this case, one of theW bosons decays ra
diatively, W→ lng or W→ j j g.

Both t̄ tg production and radiative top decays are sensit
to qtop . On the other hand, radiativeW decays are not, and
should be suppressed by cuts. This can be achieved by
quiring that

m~ j j g!.90 GeV and mT~ lg;p” T!.90 GeV, ~3!

where p” T denotes the missing transverse momentum or
nating from the neutrino in the event which is not observ
and m( j j g) is the invariant mass of thej j g system.
mT( lg;p” T) is the lgp” T cluster transverse mass, which
given by

mT
2~ lg;p” T!5@ApT

2~ lg!1m2~ lg!1p” T#22@pT~ lg!1p”T#2,
~4!

wherepT( lg) andm( lg) are the transverse momentum a
the invariant mass of thelg system, respectively. ForW
→ lng, the cluster transverse mass sharply peaks at thW
boson mass,MW . In the narrow width approximation, th
cuts listed in Eq.~3! completely eliminate the contribution
from radiativeW decays to theg l 6nbb̄j j final state. We thus
ignore radiativeW decays in the following.

The matrix elements for

gg, q̄q→ t̄ tg→g l 6nbb̄j j ~5!

are calculated usingMADGRAPH @7# and theHELAS library
@8#, including the spin correlations for the subsequent
decays. To compute the matrix elements for

gg, q̄q→ t̄ t, t→W1bg, t̄→W2b̄ ~6!

and its charge conjugate sibling, we use the crossed form
the W→tbg matrix elements of Ref.@9#. We ignore spin
correlations in the decay of theW boson int→W1bg. For
the t̄→W2b̄ decay, spin correlations are taken into accou
All numerical results presented below are obtained summ
over electron and muon final states.

The top quark charge,qtop, is treated as a free paramet
in our calculation. The electric charge of theb quark,qb, is
related toqtop by

qb5qtop2qW , ~7!

whereqW561 is the charge of theW boson. The sign ofqW
depends on whether the third component of the weak iso
of the ‘‘top quark’’ is T3511/2, as in the SM, orT3

ll
9-2
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DIRECT MEASUREMENT OF THE TOP QUARK CHARGE . . . PHYSICAL REVIEW D 64 094019
521/2, as in the scenario of Ref.@4#. We assume theWtb
coupling to be ofV2A form and BR(t→Wb)51. The fer-
mions originating fromW decays are assumed to be ma
less.

We note for future reference that the differential cro
sections forgg→ t̄ tg and forqq̄, gg→ t̄ t with one top quark
decaying viat→Wbg are invariant under the transformatio

qtop→2qtop , qW→2qW , qb→2qb . ~8!

Since interference effects between the incoming light qua
and the final state top quarks inqq̄→ t̄ tg are very small
~they contribute less than 1% to the cross section!, the cross
section forpph→g l 6nbb̄j j is to a very good approximation
invariant under the transformation~8!. This will be relevant
when we estimate how wellqtop can be measured in futur
Tevatron and LHC experiments~see Sec. IV!.

For all our numerical simulations we have chosen the
of SM input parameters to bemt5175 GeV @10,11#, mb
55 GeV, MW580.3 GeV, sin2uW50.23, and a(MW)
51/128 @12#. We employ Martin-Roberts-Stirling set R
~MRSR2! parton distribution functions@13#, selecting the

value of the factorization scale to bem f5Aŝ, whereŝ is the
squared parton center-of-mass energy. Calculations are
ried out forpp̄ collisions atAs52 TeV ~Tevatron! andpp
collisions atAs514 TeV ~LHC!.

To simulate detector response, we impose the follow
common transverse momentum, rapidity, and separation
at the Tevatron and LHC:

pT~b!.15 GeV, uh~b!u,2, ~9!

pT~ l !.20 GeV, uh~ l !u,2.5, ~10!

pT~ j 1,2!.20 GeV, uh~ j 1,2!u,2.5, ~11!

p” T.20 GeV, DR~ i , j !.0.4 for i 5” j , ~12!

wherei , j 5g, l, b, b̄, j 1 , j 2 . j 1, and j 2 denote the two jets
originating from the hadronically decayingW in the event.
As mentioned above, we assume that bothb quarks are
tagged~40% combined efficiency! so thatb andb̄ are distin-
guishable fromj 1 and j 2. In addition, we require that

pT~g!.10 GeV, uh~g!u,2.5 at the Tevatron ~13!

and

pT~g!.30 GeV, uh~g!u,2.5 at the LHC. ~14!

Here,h is the pseudorapidity, and

DR~ i , j !5$@Df~ i , j !#21@Dh~ i , j !#2%1/2 ~15!

is the separation between two particlesi and j in the
pseudorapidity–azimuthal angle plane.

The transverse momentum cuts listed in Eqs.~10!–~12!
and in Eq.~14! for the LHC are sufficient for running at low
luminosity,L51033 cm22 s21. For operation at the desig
luminosity of L51034 cm22 s21, the pT cuts must be in-
09401
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creased due to pileup effects caused by the large numbe
interactions per beam crossing. In the following we on
considerg l 6nbb̄j j production at the LHC in the low lumi-
nosity environment.

We do not consider any potential background proces
here. The dominant background is expected to originate fr
Wg1jets production and should be manageable in much
same way as theW1jets background fort t̄ production.

III. PHENOMENOLOGICAL RESULTS

In this section we present our results for total cross s
tions and various photon distributions. We look at contrib
tions from individual subprocesses~radiative production, ra-
diative decays! and compare results for the SM top quark
those for an exotic charge24/3 top~as in Ref.@4#! in order
to determine which quantities are sensitive to the value
qtop .

The events passing the cuts listed in Eqs.~3! and ~10!–
~14! can be split into three separate samples, each desig
to enhance one of the three subprocesses:~i! radiation in top
production ~‘‘ t̄ tg selection cuts’’!, ~ii ! radiative top decay
with leptonically decayingW ~‘‘ t→Wbg→ lnbg selection
cuts’’!, and~iii ! radiative top decay with hadronically deca
ing W ~‘‘ t→Wbg→ j jbg selection cuts’’!.

The event sample for radiation in top production (t̄ tg
selection cuts! is obtained by suppressing radiative top dec
events. We do this by selecting events which satisfy

m~b1,2j j g!.190 GeV and

mT~b2,1l
6g;p” T!.190 GeV. ~16!

Here,b1 , b25b, b̄, andb15” b2. We note that by imposing
the cuts on eitherb-quark combination, we conservativel
assume that the charges of the individualb quarks have not
been determined.

The total cross sections forqtop52/3 andqtop524/3,
imposing the t̄ tg selection cuts of Eq.~16! and the cuts
described in Sec. II, are listed in Table I A for the Tevatr
and the LHC. At the Tevatron, thet̄ tg cross section is com
pletely dominated byqq̄ annihilation. As a result, photon
radiation off the initial state quarks constitutes an irreduci
background which limits the sensitivity of the cross secti
to qtop . In contrast, at the LHC more than 75% of thet̄ tg
cross section originates from gluon fusion. Since gluons
not radiate photons, the LHC cross section scales appr
mately with qtop

2 . Radiative top decays contribute abo
10%–20% ~1%! to the cross section forqtop52/3 (qtop
524/3) in this phase space region. At both the Tevatron a
LHC, increasinguqtopu increases the total cross section wi
t̄ tg selection cuts.

The photon transverse momentum distributions for the
dividual contributions to theg l 6nbb̄j j differential cross
section at the Tevatron~LHC! for t̄ tg selection cuts are
shown in Fig. 1~Fig. 2! for both qtop52/3 andqtop524/3,
keeping the same vertical scale for both charges. The c
9-3
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TABLE I. Integrated cross sections forg l 6nb̄b j j production at the Tevatron (pp̄ collisions at As

52 TeV) and the LHC (pp collisions atAs514 TeV) for qtop52/3 andqtop524/3 imposing~A! t̄ tg
selection cuts,~B! t→Wbg→ lnbg selection cuts, and~C! t→Wbg→ j jbg selection cuts. In addition, the

cuts described in Sec. II are imposed. In each case, the contributions fromt̄ tg production,t̄ t production with

t→Wbg→ lnbg, and t̄ t production witht→Wbg→ j jbg are shown.

A. t̄ tg selection cuts

t̄ tg t→Wbg→ lnbg t→Wbg→ j jbg

contribution contribution contribution total

Tevatron,qtop51
2
3 1.70 fb 0.12 fb 0.10 fb 1.92 fb

Tevatron,qtop52
4
3 2.37 fb 0.03 fb 0.02 fb 2.42 fb

LHC, qtop51
2
3 33.3 fb 5.78 fb 4.86 fb 44.0 fb

LHC, qtop52
4
3 111.4 fb 1.21 fb 0.97 fb 113.6 fb

B. t→Wbg→ lnbg selection cuts

Tevatron,qtop51
2
3 0.36 fb 0.26 fb 0.13 fb 0.75 fb

Tevatron,qtop52
4
3 0.52 fb 0.07 fb 0.03 fb 0.62 fb

LHC, qtop51
2
3 0.68 fb 3.67 fb 2.26 fb 6.61 fb

LHC, qtop52
4
3 2.25 fb 0.87 fb 0.59 fb 3.71 fb

C. t→Wbg→ j jbg selection cuts

Tevatron,qtop51
2
3 0.11 fb 0.06 fb 0.19 fb 0.36 fb

Tevatron,qtop52
4
3 0.16 fb 0.01 fb 0.05 fb 0.22 fb

LHC, qtop51
2
3 0.15 fb 1.07 fb 3.63 fb 4.85 fb

LHC, qtop52
4
3 0.49 fb 0.26 fb 0.85 fb 1.60 fb
,
ls

y-
-

section fromt̄ t production followed byt→Wbg→ lnbg is
about 20% larger that frompp̄→ t̄ t followed by t→Wbg
→ j jbg over most of thepT range considered. At the LHC
the pT(g) distribution for the radiative top decay channe
drops much faster than that forpph→ t̄ tg.

A sample for radiative top decay with leptonically deca
ing W (t→Wbg→ lnbg selection cuts! is obtained by re-
quiring that
09401
mT~b1,2l
6g;p” T!,190 GeV and

m~b2,1j j g!.190 GeV ~17!

in addition to Eq.~16! being not satisfied. These cuts en
hance the contribution of the processpph→t t̄ , with
e

d

FIG. 1. The photon transvers

momentum distribution forpp̄

→g l 6nbb̄j j at the Tevatron, im-

posing t̄ tg selection cuts@see Eq.
~16!#, for ~a! qtop52/3 and ~b!

qtop524/3. Shown are thet̄ tg

~solid line!, t̄ t, t→Wbg→ lnbg

~dashed line!, and t̄ t, t→Wbg
→ j jbg ~dotted line! contribu-
tions. The additional cuts impose
are described in Sec. II.
9-4
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FIG. 2. The photon transvers
momentum distribution forpp

→g l 6nbb̄j j at the LHC, impos-

ing t̄ tg selection cuts@see Eq.
~16!#, for ~a! qtop52/3 and ~b!

qtop524/3. Shown are thet̄ tg

~solid line!, t̄ t, t→Wbg→ lnbg

~dashed line!, and t̄ t, t→Wbg
→ j jbg ~dotted line! contribu-
tions. The additional cuts impose
are described in Sec. II.
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t→Wbg→ lnbg. Similarly, to get events with radiative to
decay and hadronically decayingW(t→Wbg→ j jbg selec-
tion cuts! we impose

mT~b1,2l
6g;p” T!.190 GeV and

160 GeV,m~b2,1j j g!,190 GeV ~18!

and require that Eq.~16! is not fulfilled. We thereby obtain
an event sample in which the processpph→t t̄ , with
t→Wbg→ j jbg is enhanced. The cuts are imposed on eit
of the b-quark combinations, i.e., we assume that it has
been determined whether theb or the b̄ originates from the
radiative top quark decay. Since the finite experimental re
lution of detectors significantly broadens the Breit-Wign
resonance fort→Wbg→ j jbg, we have chosen a relativel
large window for m(b2,1j j g) around mt . Requiring that
events do not satisfy Eq.~16! significantly improves the ef-
ficiency of thet→Wbg selection cuts.

The cross sections forpph→g l 6nbb̄j j imposing
t→Wbg→ lnbg @Eq. ~17!# and t→Wbg→ j jbg selection
cuts @Eq. ~18!# are shown in Tables I B and I C forqtop
52/3 andqtop524/3. The total cross sections are smal
than the corresponding numbers fort̄ tg selection cuts.
Moreover, the cross section fort̄ t production followed by
radiativet decaydecreasesby a factor 3 to 4 when the top
quark charge is varied fromqtop52/3 toqtop524/3. This is
due to interference effects between the diagrams where
photon is radiated from thet-quark line and the diagram
where the photon is either emitted from the final stateW or
theb quark. For the photonpT cut used, a significant fraction
of the events in the SM at the Tevatron in the regions defi
by the t→Wbg→ lnbg and t→Wbg→ j jbg selection cuts
originates fromt̄ tg production. Forqtop524/3, t̄ tg pro-
duction is in fact the dominant source in these regions. No
theless, the net result is a decrease in the total cross se
09401
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when we switch fromqtop52/3 to qtop524/3. Recall that,
in contrast, the cross section increased with the change in

charge fort̄ tg selection cuts. This suggests that theratio of
the cross section associated with radiation in top produc
to the radiative decay cross section would be very sensi
to the top quark charge. This issue is explored in the n
section.

Combining the cross sections for all three phase sp
regions, we expect about 60g l 6nbb̄j j events at the Tevatron
for 20 fb21. The number of events expected at the LHC
about an order of magnitude larger: 550g l 6nbb̄j j events for
10 fb21.

Returning to the radiative decay sample, we show
Fig. 3 the individual contributions to theg l 6nbb̄j j differen-
tial cross section fort→Wbg→ lnbg selection cuts at the
Tevatron forqtop52/3 andqtop524/3 as a function of the
photon pT . The individual contributions at the LHC ar
shown in Fig. 4. We see that the contribution fromt̄ tg pro-
duction in the SM at the Tevatron exceeds that fro
pp̄→ t̄ t with t→Wbg→ lnbg only for pT(g),25 GeV
@Fig. 3~a!#. Increasing the photonpT cut thus improves the
efficiency of thet→Wbg→ lnbg selection cuts, at the cos
of a reduced event rate. Because the cross sections fo
radiative top decay processes decrease, whereas thet̄ tg rate
increases whenqtop524/3, t̄ tg production is the larges
contribution to the differential cross section over the ent
pT(g) range considered at both the Tevatron and the L
@Figs. 3~b! and 4~b!#. The differential cross section of th
t→Wbg→ j jbg ‘‘background’’ drops much faster with
pT(g) than those of the two other contributions fo
large photon transverse momenta. Whent→Wbg→ j jbg
selection cuts are imposed, qualitatively similar resu
are obtained, with the roles of thet→Wbg→ lnbg and
t→Wbg→ j jbg curves exchanged and somewhat reduc
contributions fromt̄ tg production.
9-5
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FIG. 3. The photon transvers

momentum distribution forpp̄

→g l 6nbb̄j j at the Tevatron, im-
posing t→Wbg→ lnbg selection
cuts ~see text!, for ~a! qtop52/3
and ~b! qtop524/3. Shown are

the t̄ t, t→Wbg→ lnbg ~solid

line!, t̄ t, t→Wbg→ j jbg ~dashed

line!, and t̄ tg ~dotted line! contri-
butions. The additional cuts im
posed are described in Sec. II.
s
m
el
he
e

a

h
n
o

tive

r

he

re-
the

in
cay

ays
op
ton
The preceding results are summarized in Figs. 5 and
Figure 5~a! shows the total SM (qtop512/3) cross section
for pp̄→g l 6nbb̄j j at the Tevatron, with all contribution
from radiation in top production and radiative decays co
bined. The three curves correspond to the three sets of s
tion cuts. Figure 6~a! shows the corresponding results for t
LHC ~with pp initial state!. We see in these figures, as w
have already seen in Table I, that thet̄ tg selection cuts~solid
curves! result in higher cross sections at both colliders th
the cuts for radiative decayst→Wbg. In Figs. 5~a! and 6~a!
we also see that the photon distribution imposingt→Wbg
→ lnbg and t→Wbg→ j jbg selection cuts drops muc
faster than thepT(g) distribution in the phase space regio
defined by thet̄ tg selection cuts. This is a consequence
09401
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the phase space restriction on the photon energy in radia
top quark decays.

In Figs. 5~b! and 6~b! we compare cross sections fo
qtop512/3 ~solid curves! and qtop524/3 ~dashed curves!
for the Tevatron and LHC, respectively. In each figure t
upper pair of curves corresponds tot̄ tg selection cuts and
the lower pair includes events from both radiative decay
gions combined. The figures show that at both machines,
effect of increasinguqtopu is to increase the cross section
the t̄ tg cuts region and to decrease it in the radiative de
regions, for all values of photonpT . At the Tevatron, how-
ever, since the contributions from radiative top quark dec
are small if t̄ tg selection cuts are imposed, changing the t
quark charge has little influence on the shape of the pho
e

-

FIG. 4. The photon transvers
momentum distribution forpp

→g l 6nbb̄j j at the LHC, impos-
ing t→Wbg→ lnbg selection
cuts ~see text!, for ~a! qtop52/3
and ~b! qtop524/3. Shown are

the t̄ t, t→Wbg→ lnbg ~solid

line!, t̄ t, t→Wbg→ j jbg ~dashed

line!, and t̄ tg ~dotted line! contri-
butions. The additional cuts im
posed are described in Sec. II.
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FIG. 5. The photon transvers

momentum distribution forpp̄

→g l 6nbb̄j j at the Tevatron.~a!
The individual contributions for

qtop52/3, imposing t̄ tg ~solid
line!, t→Wbg→ lnbg ~dashed
line! and t→Wbg→ j jbg selec-
tion cuts ~dotted line!. In ~b!, the
photon pT distributions for the
phase space region defined by th

t̄ tg selection cuts and the two ra
diative top decay regions com
bined are shown forqtop52/3 and
qtop524/3. The cuts imposed are
described in the text.
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pT distribution in this region@upper curves in Fig. 5~b!#. On
the other hand, at small values ofpT(g), t̄ tg production may
contribute significantly to the cross section in the regio
defined by thet→Wbg→ lnbg and t→Wbg→ j jbg selec-
tion cuts ~see Table I!. The shape of the photon transver
momentum distribution in these regions thus may be se
tive to qtop @lower curves in Fig. 5~b!#. The curves at the
LHC @Fig. 6~b!# also exhibit some shape dependence, alb
less pronounced than at the Tevatron.

We can look for sensitivity toqtop in other distributions as
well. In t→Wbg, emission of the photon from theb-quark
line leads to a collinear enhancement at small values of
separation between the photon and theb quark,DR(g,b) rad ,
which depends onqb5qtop2qW . Therefore, in radiative top
decays, the shape of theDR(g,b) rad distribution is expected
09401
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e

to be sensitive to the charge of the top quark. In contrast,
photon and theb quark originating from thet→Wb decay in
t̄ t→gW1bW2b̄ events are essentially uncorrelated. Int̄ tg
events, the photon andboth b quarks are largely uncorre
lated. Unfortunately, on an event by event basis, it is diffic
to determine whether theb or theb̄ quark originates from the
radiative top decay. However, due to the collinear enhan
ment for small values ofDR in radiative top decays,

DR~g,b!min5min@DR~g,b!,DR~g,b̄!# ~19!

should coincide with the photon—b-quark separation in ra
diative top decays for small values ofDR. Alternatively, the
e

-
d

-

FIG. 6. The photon transvers
momentum distribution forpp

→g l 6nbb̄j j at the LHC.~a! The
individual contributions forqtop

52/3, imposing t̄ tg ~solid line!,
t→Wbg→ lnbg ~dashed line!,
and t→Wbg→ j jbg selection
cuts ~dotted line!. In ~b!, the pho-
ton pT distributions for the phase

space region defined by thet̄ tg
selection cuts and the two radia
tive top decay regions combine
are shown forqtop52/3 andqtop

524/3. The cuts imposed are de
scribed in the text.
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FIG. 7. Comparison of the SM
DR(g,b) rad and DR(g,bs f) dis-

tributions forpp̄→g ln j jbb̄ at the
Tevatron, imposing t→Wbg
→ lnbg selection cuts~see text!.
Shown are the contributions from

t̄ t production with t→Wbg
→ lnbg ~solid lines! and
t→Wbg→ j jbg ~dashed lines!,

and t̄ tg ~dotted lines! production.
The cuts described in Sec. II ar
imposed, except for the minimum
photon transverse momentum
which has been increased to 1
GeV.
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DR(g,bs f) distribution, wherebs f is the b or b̄ quark with
the smaller transverse momentum

pT~bs f!5min@pT~b!,pT~ b̄!# ~20!

may be considered. Since ab quark which radiates a photo
looses energy, thebs f in t̄ t→gW1bW2b̄ frequently origi-
nates from the radiative top decay. It turns out that
DR(g,bs f) distribution more closely resembles the tr
DR(g,b) rad distribution. Figure 7 shows a comparison of t
DR(g,b) rad andDR(g,bs f) distributions at the Tevatron in
the SM case, imposingt→Wbg→ lnbg selection cuts. In
each case, the individual distributions of the three contrib
ing subprocesses are shown. Qualitatively similar results
obtained for the LHC case, and fort→Wbg→ j jbg selec-
tion cuts. Due to the collinear enhancement at small open
angles between theb quark and the photon, theDR(g,b) rad
distribution rises very quickly with decreasing values
DR(g,b) rad for the radiative top decay processes. Fort̄ tg
production no collinear enhancement occurs for either
DR(g,b) or theDR(g,b̄) distribution. In Fig. 7~a!, we have
chosen theDR(g,b̄) distribution for t̄ tg production~dotted
line!. Very similar results are obtained if theDR(g,b) distri-
bution is chosen instead. Except for the steepness of the
tribution at small DR(g,bs f) for t→Wbg→ lnbg, the
shapes of theDR(g,b) rad and DR(g,bs f) distributions are
found to agree reasonably well.

In Fig. 7 we have increased the minimum photon tra
verse momentum requirement of Eq.~13! to pT(g)
.15 GeV. As we have mentioned before,t̄ tg production
contributes significantly to the cross section at the Tevat
in the region defined by thet→Wbg→ lnbg selection cuts
for the cuts specified in Sec. II. Thet̄ tg contribution can be
reduced by increasing thepT cut on the photon~see Fig. 3!,
at the cost of a decreased number of events. Increasing
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the

photon transverse momentum cut topT(g).15 GeV re-

duces thet̄ tg cross section fort→Wbg→ lnbg selection
cuts by about a factor 2, whereas the contributions involv
radiative top decays decrease by only 30%.

We compare theDR distributions for the two top quark
charges in Figs. 8 and 9. We display the normalized dis
bution (1/s) @ds/dDR(g,bs f)# for t̄ t→g ln j j b̄ b with qtop
52/3 andqtop524/3 at the Tevatron and LHC, respectivel
Normalizing the distributions to unit area emphasizes
dependence of the shape of theDR(g,bs f) distribution to the
top quark charge. For a charge24/3 quark, theDR(g,bs f)
distribution rises relatively faster in the regionDR(g,bs f)
<1, but is flatter for 1,DR(g,bs f),3, than ifqtop52/3. At
small values ofDR(g,bs f), emission from theb-quark line
dominates. Since themagnitude of qb is the same for
qtop52/3 andqtop524/3, the differential cross section i
similar in both cases. However, the total cross section
qtop524/3 within cuts is significantly smaller than for
SM top quark charge assignment~see Table I!, due to de-
structive interference between the contributing Feynman
grams. This leads to a larger normalized differential cro
section forqtop524/3 at smallDR(g,bs f). In the region
1,DR(g,bs f),3, the destructive interference is responsib
for the flatness of the (1/s) @ds/dDR(g,bs f)# distribution
in the qtop524/3 case. ForDR(g,bs f).3, the b quark
with the smallerpT coincides most of the time with the
bottom quark from the~regular! t→Wb decay and, thus
carries little information on qtop . The shape of the
DR(g,bs f) distribution in the phase space region defined
the t→Wbg→ j jbg selection cuts@Figs. 8~b! and 9~b!# is
found to be somewhat more sensitive toqtop than in the case
whent→Wbg→ lnbg selection cuts are imposed@Figs. 8~a!
and 9~a!#. At the Tevatron~Fig. 8!, we have again imposed
pT(g).15 GeV cut. The shape of theDR(g,bs f) distribu-
tion for t̄ t→gW1bW2b̄ at the LHC is in general more sen
sitive to the top quark charge than at the Tevatron.
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FIG. 8. The normalized
(1/s)@DR(g,bs f)# distribution for

pp̄→g ln j jbb̄ at the Tevatron,
imposing~a! t→Wbg→ lnbg se-
lection cuts and ~b! t→Wbg
→ j jbg selection cuts~see text!.
Shown are the results for a SM
top quark charge assignmen
~solid lines! and for qtop524/3
~dashed lines!. The cuts described
in Sec. II are imposed, except fo
the minimum photon transvers
momentum, which has been in
creased to 15 GeV.
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IV. QUANTITATIVE ESTIMATES

In this section we determine quantitative bounds on

Dqtop5qtop2 2
3 , ~21!

which one expects to achieve with 20 fb21 of data at the
Tevatron in run II, and 10 fb21 at the LHC, analyzing the
photonpT and theDR(g,bs f) distributions. We also briefly
consider the ratio of the cross section associated with ra
tion in top production to the radiative decay cross sect
which may be useful for small data sets.

In our analysis of differential cross sections, we calcul
95% confidence level~C.L.! limits performing ax2 test. The
statistical significance is calculated by splitting the selec
distribution into a number of bins, each with typically mo
09401
a-
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e

d

than five events. In each bin the Poisson statistics are
proximated by a Gaussian distribution. We use the pho
transverse momentum distribution in the phase space re
defined by thet̄ tg selection cuts of Eq.~16!, and thepT(g)
and DR(g,bs f) distributions of the combined radiative to
decay regions, defined by requiring that events satisfy
~17! or ~18! but not Eq.~16!. We impose the cuts describe
in Sec. II, except for theDR(g,bs f) distribution, where we
replace thepT cut on the photon of Eq.~13! with pT(g)
.15 GeV. We combine channels with electrons and mu
~both charge combinations! in the final state. We also mak
use of the approximate symmetry of the cross sections un
the transformation~8! and define theb-quark charge to be
qb5qtop21. Confidence levels calculated forqtop514/3
will thus automatically apply for a charge24/3 quark, which
FIG. 9. The normalized
(1/s)@DR(g,bs f)# distribution for

pp→g ln j jbb̄ at the LHC, impos-
ing ~a! t→Wbg→ lnbg selection
cuts and~b! t→Wbg→ j jbg se-
lection cuts~see text!. Shown are
the results for a SM top quark
charge assignment~solid lines!
and for qtop524/3 ~dashed
lines!. The additional cuts im-
posed are described in Sec. II.
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TABLE II. Limits achievable at 95% C.L. forDqtop in pph→g l 6nb̄b j j at the Tevatron and the LHC
Bounds are shown for the photon transverse momentum distribution in the phase space region define

t̄ tg selection cuts, and thepT(g) andDR(g,bs f) distributions of the combined radiative top decay regio
The last row displays the combined limits from the three distributions. Theb-quark charge is given byqb

5qtop21. The cuts imposed are described in Sec. II. For theDR(g,bs f) distribution, thepT(g) cut of Eq.
~13! has been replaced bypT(g).15 GeV.

Distribution Tevatron,*L dt520 fb21 LHC, *L dt510 fb21

pT(g), t̄ tg region 21.16<Dqtop<1.11 20.21<Dqtop<0.24

pT(g), comb.t→Wbg regions 20.32<Dqtop<1.20 20.16<Dqtop<0.18
DR(g,bs f), comb.t→Wbg regions 20.29<Dqtop<1.10 20.15<Dqtop<0.18
Combined 20.21<Dqtop<0.65 20.067<Dqtop<0.070
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decays into ab quark and aW2.
Our calculation does not include QCD corrections wh

are expected to modify the cross section by 20%–40%
order to derive realistic limits, we therefore allow for a no
malization uncertainty ofDN530% of the SM cross section
The expression forx2, which is then used to compute con
fidence levels, is given by@14#

x25(
i 51

nD ~Ni2 f Ni
0!2

f Ni
0 1~nD21!, ~22!

wherenD is the number of bins,Ni is the number of events
for a givenDqtop , andNi

0 is the number of events in the SM
in the i th bin. f reflects the uncertainty in the normalizatio
of the SM cross section within the allowed range, and
determined by minimizingx2:

f 5H ~11DN!21 for f̄ ,~11DN!21

f̄ for ~11DN!21, f̄ ,11DN,

11DN for f̄ .11DN,

~23!

with

f̄ 25H (
i 51

nD

Ni
0J 21

(
i 51

nD Ni
2

Ni
0 . ~24!

In Table II we display the resulting 95% confidence lev
limits for Dqtop expected from the Tevatron run II for a
integrated luminosity of 20 fb21, and from the LHC for
10 fb21. The last row shows the combined limits from th
three individual distributions studied here. Possible ba
grounds are assumed to be subtracted. At both the Teva
and the LHC, thepT(g) andDR(g,bs f) distributions in the
combined radiative top decay regions yield rather sim
limits for Dqtop . As mentioned before,t̄ tg production at the
Tevatron is completely dominated byqq̄ annihilation and
photon radiation from the initial state quarks limits the se
sitivity of the cross section toqtop . Therefore, the bound
which can be achieved at the Tevatron from analyzing
photonpT distribution in the phase space region defined
the t̄ tg selection cuts are significantly weaker than tho
which can be obtained from either thepT(g) or the
09401
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DR(g,bs f) distribution in the combined radiative top deca

regions.3 At the LHC, most of thet̄ tg cross section origi-
nates from gluon fusion, and the limits from the photonpT

distribution for t̄ tg selection cuts are similar to those whic
can be achieved in the phase space regions where radi
top decays dominate.

While a precise measurement of the top quark charge
not be possible in run II of the Tevatron, even with an in
grated luminosity of 20 fb21, we note that a charge24/3
top quark can be ruled out at'95% C.L. when the limits
from the different distributions and phase space regions
combined. At the LHC, with 10 fb21, a measurement of the
top quark charge with an accuracy of about 10% appear
be feasible. As we pointed out in Sec. II, thepT cuts we use
are suitable for running at low luminosity at the LHC, i.e
for L51033 cm22 s21. At high luminosity, L
51034 cm22 s21, the transverse momentum cuts must
increased due to pileup effects caused by the large numb
interactions per beam crossing. Theg l 6nbb̄j j cross section
is quite sensitive to these cuts. For example, increasing
pT cut of theb quarks to 30 GeV and the photon, jet, an
missing pT cuts to 50 GeV reduces thet̄ tg and t̄ t

→gW1bW2b̄ cross sections by a factor;10 and;100,
respectively. It is thus not clear whether running at high
minosity will improve the measurement of the top qua
electric charge at the LHC.

The bounds onDqtop are in general quite sensitive toDN.
If the normalization uncertainty can be reduced toDN
510%, the limits listed in Table II can be improved by up
a factor 2. Further improvements may result from using m
powerful statistical tools than the simplex2 test we per-
formed.

For integrated luminosities smaller than 20 fb21 at the
Tevatron, the limited number of events makes a deta
analysis of differential cross sections difficult. In this cas
the ratioR of the cross section associated with radiation
top production to the radiative decay cross section, may
more useful. Many experimental and theoretical uncerta

3In practice, hadronization effects we have omitted will come in
play, and are likely to affect theDR distributions more than those
for the photonpT .
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ties, for example, those associated with the particle detec
efficiencies, the uncertainty in the integrated luminos
or the uncertainties from the choice of scale or of the par
distribution functions, are expected to cancel, at le
partially, in R. The cross section ratio is quite sensiti
to qtop . From the individual cross sections listed in Table
one finds R51.73 for qtop52/3, and R52.88 for qtop
524/3 at the Tevatron. For an integrated luminosity
10 fb21, the expected statistical uncertainty at the Tevat
is DRstat50.65 and a charge24/3 top quark can thus b
ruled out at;90% C.L. using the cross section ratio, if on
ignores possible systematic uncertainties. At the LHC,
value ofR is even more sensitive toqtop than at the Teva-
tron, but enough events are expected to allow a more deta
analysis.

V. SUMMARY AND CONCLUSIONS

Like most of its fundamental quantum numbers, the el
tric charge of the top quark has not been measured so
Thus, alternative interpretations for the particle that we
lieve is the charge 2/3 isospin partner of theb quark are not
ruled out. For example, since the correlations of theb quarks
and the W bosons in p̄p→ t̄ t→W1W2b̄b are not deter-
mined, it is conceivable that the ‘‘t quark’’ observed at the
Tevatron is an exotic quark,Q4, with charge24/3 which
decays viaQ4→W2b. This interpretation is consistent wit
current precision electroweak data@4#. In order to determine
the charge of the top quark, one can either measure
charge of theb jet, or investigate photon radiation int̄ t
events. The latter method actually measures a combinatio
the EM coupling strength and the charge quantum num
Combining the results of the two methods will thus make
possible to determine both quantities.

In this paper we have explored the possibility of meas
ing qtop in pph→g l 6nb̄b j j , assuming that bothb quarks are
tagged. Our analysis makes use of botht̄ tg production and
radiative top quark decays, and is carried out at the tree le
The EM coupling strength is assumed to take its SM val
Top quark andW boson decays are treated in the narr
width approximation. Contributions from radiativeW decays
can be suppressed by simple phase space cuts@see Eq.~3!#.
The remaining event sample can be separated int
t̄ tg sample, a t̄ t, t→Wbg→g lnb sample, and at̄ t,
t→Wbg→g j jb sample by imposing invariant mass an
cluster transverse mass cuts@see Eqs.~16!–~18!#.

In the phase space region dominated byt̄ tg production,
the cross section increases if the magnitude ofqtop increases.
At the Tevatron,qq̄ annihilation dominates and photon r
diation off the incoming quarks constitutes an irreducib
background which limits the sensitivity toqtop . In contrast,
at the LHC, gluon fusion dominates, and thet̄ tg cross sec-
tion scales approximately withqtop

2 .

In the phase space regions which enhancet̄ t production
with one of the top quarks decaying radiatively (t→Wbg)
interference effects between the Feynman diagrams w
the photon is emitted from the top quark, theW boson and
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the b-quark line may cause the cross section to either
crease or increase withDqtop5qtop22/3. For example, for
qtop524/3, the g l 6nb̄b j j cross section via radiative to
quark decays is reduced by a factor of 3 to 4.

The changes in the individual cross sections are reflec
in the photon transverse momentum distribution in the va
ous phase space regions. We also found that theDR(g,bs f)
distribution, wherebs f is the b or b̄ quark with the smaller
pT , is sensitive to the charge of the top quark in the ph
space regions dominated byt̄ t production, where one of the
top quarks decays radiatively.

In order to determine how well one can hope to meas
the top quark charge using photon radiation in top qu
events in future Tevatron and LHC experiments, we ha
performedx2 tests of thepT(g) and theDR(g,bs f) distribu-
tions in the various phase space regions of interest. At
Tevatron, with an integrated luminosity of 20 fb21, one will
be able to exclude at;95% C.L. the possibility that an ex
otic quarkQ4 with charge24/3 and not the SM top quark
has been found in run I. For smaller integrated luminositi
the number of events expected is very small and it will
difficult to perform a quantitative analysis using differenti
cross sections. In this case, the ratio of the cross sec
associated with radiation in top production to the radiat
decay cross section may be a useful tool. At the LHC w
10 fb21 obtained atL51033 cm22 s21, it should be pos-
sible to measure the electric charge of the top quark with
accuracy of about 10%. For comparison, at a linear colli
with As5500 GeV and*L dt5200 fb21, one expects tha
qtop can also be measured with a precision of about 1
@15#. Finally, at agg collider, it is conceivable that the top
quark charge can be determined with an accuracy of be
than 1%, if thegg→ t̄ t cross section can be measured with
precision of 2%@16#.

The measurement of the electric charge of the top qu
at the Tevatron using photon radiation in top quark eve
is severely limited by statistics. Even with an integrat
luminosity of 20 fb21, qtop can only be determined with
a precision of 302100%. However, as we pointed ou
in Sec. I, information on the electric charge of the t
quark may also be obtained from a measurement
the charge of theb jets, and the charge sign of the lepto
in semileptonically taggedb quarks. This may significantly
improve the precision which can be obtained. Detai
simulations will be necessary in order to determine h
well the top quark charge can be measured using th
methods.
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