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Search for quark-lepton compositeness at Fermilab Tevatron and CERN LHC
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We make a Monte Carlo study on compositeness of first generation quarks and leptons using the Drell-Yan
distribution in the high dielectron mass region at the Fermilab Tevatron and CERN LHC energies. The current
experimental lower limits on the compositeness scaleL vary from 2.5 to 6.1 TeV. In the present analysis, we
assume that there will be no deviation of the dielectron mass spectrum from the standard model prediction at
center-of-mass energies 2 TeV~Tevatron! and 14 TeV~LHC!. We then use the contact interaction Lagrangian
and find that in the LL, RR, RL, and LR chirality channels of the quark-electron currents, it is possible to
extend the lower limits onL ~at 95% C.L.! to a range of 6–10 TeV for 2 fb21 and 9–19 TeV for 30 fb21 of
integrated luminosity at Tevatron. At LHC, the corresponding limits extend to a range of 16–25 TeV for
10 fb21 and 20–36 TeV for 100 fb21 of integrated luminosity.

PACS number~s!: 12.60.Rc, 13.85.2t
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The proliferation of quarks and leptons has inspir
speculation that they could be composite structures,
bound states of more fundamental constituents often ca
preons@1#. Below a characteristic energy scale called t
compositeness scaleL the preon-binding interaction be
comes strong and binds the constituents to form compo
states such as quarks and leptons. With such a comp
structure, there would be significant deviation from the st
dard model~SM! prediction of high-energy cross section
No such deviation has been observed so far. These nul
sults have been used to put lower limits on quark-lep
compositeness scaleL, which varies from 2.5 to 6.1 TeV@2#
in the various chirality channels of the quark-lepton curren

In this paper, we consider the effects of the compos
structure of first generation quarks and leptons on the Dr
Yan ~DY! processqq̄→e1e2 @3#. If the compositeness scal

L is much greater thanAŝ, the center-of-mass energy of th
colliding partons, the quarks and electrons would appea
be pointlike. The substructure coupling can then be appr
mated by a four-fermion contact interaction giving rise to t
following effective Lagrangian1 @1#:

Lql5
g0

2

L2
$hLL~ q̄LgmqL!~ ēLgmeL!1hLR~ q̄LgmqL!~ ēRgmeR!

1hRL~ ūRgmuR!~ ēLgmeL!1hRL~ d̄RgmdR!~ ēLgmeL!

1hRR~ ūRgmuR!~ ēRgmeR!1hRR~ d̄RgmdR!~ ēRgmeR!%,

~1!

where

qL5Fu

dG
L

1Here we have assumed that the contact interaction is a c
singlet and weak isoscalar.
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is the left-handed quark doublet,uR and dR are the right-
handed quark singlets,eL and eR are the left- and right-
handed electrons, respectively. The compositeness scaleL)
is chosen so thatg0

2/4p51 and the largestuh i j u51, where
g0 is the coupling constant for the contact interaction andh i j
is the interference term between the contact interaction
the SM Lagrangian for thei j th channel, withi and j repre-
senting the helicities of the quark and the lepton curren

Including the above contact interaction~at L@Aŝ), the DY
cross section gets transformed as@4#

dsL

dm
5

ds

dm
~DY!1bI 1b2C, ~2!

where b51/L2 and m is the dielectron invariant mass. I
this expression,I is due to the interference of DY and th
contact term, andC is the pure contact term contribution t
the cross section. The deviation in the dielectron product

or
FIG. 1. Dielectron invariant mass spectra between 80 GeV

1.5 TeV for the DY process atAs52 TeV, as predicted byPYTHIA

and as calculated using our parton level Monte Carlo calculatio
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from SM expectations would be dominant in the high ma
region above theZ pole. We have made separate studies
quark-electron compositeness for an integrated luminosit
2 fb21 ~run II! and 30 fb21 ~TEV33! with respect to the
DO” detector at the Fermilab Tevatron and an integrated
minosity of 10 and 100 fb21 with respect to the CMS de
tector at the CERN Large Hadron Collider~LHC!. However,
the results should be valid for the Collider Detector at F
milab ~CDF! detector at Tevatron and the ATLAS detector
LHC as well. We have simulated dielectron producti

through the DY process alone inpp̄ (pp) collisions at the
center-of-mass energy,As, equal to 2 TeV~14 TeV! using
PYTHIA @5#. However, sincePYTHIA does not incorporate al
the compositeness models, we have used a separate p
level Monte Carlo program to estimate dielectron product
rates in the presence of compositeness. Assuming tha
Tevatron and LHC data on dielectron production are con
tent with DY predictions under SM, we extract limits o
compositeness scale using Bayesian technique of statis
inference@6,7#. We have considered four different mode
corresponding to the LL, RR, RL, and LR chirality channe

TABLE I. Choice ofh i j for different contact interaction models
The superscript on the model denotes the nature of interfere
between the contact interaction and the SM Lagrangian. Cons
tive interference (h i j 521) is denoted by a1 and destructive in-
terference (h i j 511) is denoted by a2.

Model hLL hRR hLR hRL

LL6 71 0 0 0
RR6 0 71 0 0
LR6 0 0 71 0
RL6 0 0 0 71

FIG. 2. Cross section,Ds ~in 50 GeV bins!, versus dielectron
invariant massm between 50 GeV and 1.8 TeV for DY process a
three different values ofL in the LL channel forh i j 521.
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of Eq. ~1! for quark-electron compositeness. The choice
h i j for the different models of compositeness is listed
Table I.

Exploring the lower limits on L at Tevatron

We simulatepp̄ collisions usingPYTHIA at 2 TeV and
generate DY dielectron events between 95 GeV and 1.5 T
of the dielectron invariant mass. The total number of diel
tron events generated byPYTHIA, Ngen, gives the expected
number of background subtracted dielectron eventsNDY to
be collected at Tevatron as

NDY5e3Ngen, ~3!

where e is the detection efficiency of the dielectron. Th
detection efficiencye of the dielectron involves contribution
from the following terms:~a! energy smearing,~b! electron
identification efficiencye1, and~c! acceptancee2.

The energy resolution of the electromagnetic calorime
of the upgraded DO” detector is parametrized as

ce
c-

FIG. 3. Cross section,Ds ~in 50 GeV bins!, versus dielectron
invariant massm between 50 GeV and 1.8 TeV for DY process a
three different values ofL in the LL channel forh i j 511.

TABLE II. Detection efficiency and expected number of D
events in different mass bins.

Mass bin ek NDY
k NDY

k

~GeV! L52 fb21 L530 fb21

120–160 0.590 2335.8 34508.1
160–200 0.629 606.9 8990.1
200–240 0.655 236.3 3589.4
240–290 0.663 117.8 1942.8
290–340 0.675 66.5 877.1
340–400 0.668 34.0 461.7
400–500 0.689 23.8 276.0
500–600 0.712 6.5 98.3
600–1000 0.677 1.5 42.6
1000–1500 0.723 0 2.2
3-2
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S s

ED 2

5C21S a

AE
D 2

~E in GeV!, ~4!

where the constant termC and the stochastic terma are taken
to 2 and 16 %, respectively. We take the electron identifi
tion efficiencye1 for a single electron to be 85%. The ide
tification efficiency for a dielectron is thene1

2. The accep-

tancee2 of dielectron events inpp̄ collisions is defined as
the fraction of events in which thee1e2 pair passes the
fiducial and the kinematic cuts after taking into account
energy smearing. The fiducial and the kinematic cuts u
are the following:~a! uhu<2.5, whereh is the pseudorapid
ity ( 52 ln@ tan(u/2)#). This ensures that the dielectron eve
selected is in the active detector region, and~b! A kinematic
cut of pT>25 GeV, wherepT is the transverse momentum
of the electron and the positron. This cut ensures an effic
trigger.2

The dielectron detection efficiencye is then

e5e1
23e2 . ~5!

We then generate theexpectednumber of dielectron
eventsNexp

L in various mass bins including the effect of th
composite structure of quarks and electrons for various
ues ofL using the parton level Monte Carlo~MC! calcula-
tion. We calculate the cross section (sL) for the production
of dielectrons including terms from the contact interacti
Lagrangian of Eq.~1! with the SM Lagrangian. The leadin
order ~LO! cross-section calculation is corrected for high
order QCD effects using aK factor of 1.22.3 We checked the
parton level MC calculation by comparing its prediction wi
that from PYTHIA for the Drell-Yan process. Both calcula
tions agree to within a few percent as shown in Fig. 1.

In order to obtain the lower limit onL, we then use the
Bayesian technique to compare the Drell-Yan dielect

2This cut is based on the DO” run I analysis of DY data at 1.8 TeV
@8#.

3This K factor is the ratio of the NNLO DY cross section to th
LO DY cross section at 1.8 TeV@9,10#. We consider the same valu
for the K factor for DY 1 compositeness at 2 TeV.

TABLE III. Expected 95% C.L. lower limitsL l im on the com-
positeness scale for different helicity channels of the quark-elec
currents forL52 fb21 at 2 TeV withdek515% anddL55%.

L l im (TeV) L l im (TeV)
Channel (h i j 521) (h i j 511)

LL 10.1 8.0
RR 9.3 6.0
RL 7.8 5.7
LR 7.3 6.0
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mass distribution~i.e.,NDY) in the high-mass region with the
expected dielectron mass distribution for various values oL
~i.e., Nexp

L ). Limits are obtained independently for each sep
rate channel of the contact interaction Lagrangian: LL, R
RL, and LR withh i j 561. Figure 2 shows the cross sectio
versus the dielectron invariant mass, in the high-mass reg
between 50 GeV and 1.8 TeV in the LL channel for differe
values ofL for h i j 521 ~constructive interference! and Fig.
3 shows the corresponding plot forh i j 511 ~destructive in-
terference!.

Since the effect of compositeness is most pronounce
the high dielectron mass region we consider ten differ
mass bins of variable width between 120 GeV and 1.5 T
The expected number of events at the compositeness scaL
in the kth mass bin is given as

Nexp
L,k5ek~sL,k3L !, ~6!

wheresL,k is the cross section~including compositeness! for
thekth mass bin andL is the integrated luminosity. The pos
terior probability for the compositeness scale to beL given
the expected DY dielectron data distribution,dO , is

n
TABLE IV. Expected 95% C.L. lower limitsL l im on the com-

positeness scale for different helicity channels of the quark-elec
currents forL530 fb21 at 2 TeV withdek515% anddL55%.

L l im (TeV) L l im (TeV)

Channel (h i j 521) (h i j 511)

LL 18.9 17.8

RR 17.0 15.1

RL 13.5 9.1

LR 12.1 9.2

FIG. 4. Cross section,Ds ~in 50 GeV bins!, versus dielectron
invariant massm between 50 GeV and 2 TeV for DY process an
three different values ofL in the LL channel forh i j 521.
3-3
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P~LudO!5
1

Z )
k51

n

Pk~NDY
k uNexp

L,k!P~ek, L, L!, ~7!

whereZ is the normalization constant.Pk(NDY
k uNexp

L,k) is the
likelihood function which follows a Poisson distribution fo
small Nexp

L,k :

Pk~NDY
k uNexp

L,k!5
e2Nexp

L,k
~Nexp

L,k!NDY
k

NDY
k !

, ~Nexp
L,k,10! ~8!

FIG. 5. Cross section,Ds ~in 50 GeV bins!, versus dielectron
invariant massm between 50 GeV and 2 TeV for DY process a
three different values ofL in the LL channel forh i j 511.

TABLE V. Detection efficiency and expected number of D
events in different mass bins.

Mass bin ek NDY
k NDY

k

~GeV! L510 fb21 L5100 fb21

500–510 0.660 56.86 586.63
510–520 0.617 44.22 506.30
520–530 0.668 48.74 493.67
530–540 0.654 44.22 425.98
540–550 0.647 37.91 418.76
550–560 0.662 46.03 378.15
560–570 0.666 37.91 361.90
570–580 0.668 34.30 329.41
580–600 0.673 45.13 552.33
600–625 0.684 57.76 621.82
625–650 0.678 50.54 509.91
650–675 0.681 45.13 419.66
675–700 0.692 28.88 386.27
700–750 0.717 52.35 589.33
750–800 0.728 36.10 452.15
800–900 0.731 53.25 613.70
900–1000 0.756 31.59 336.63
1000–1200 0.752 36.10 315.88
1200–1400 0.782 16.25 151.62
1400–2000 0.791 16.25 135.38
09500
and a Gaussian distribution for largeNexp
L,k , with meanNexp

L,k

and standard deviation,s1, (s15ANexp
L,k) @11#:

P~NDY
k uNexp

L,k!5
1

A2ps1

e2[(NDY
k

2Nexp
L,k)2/2s1

2
, ~Nexp

L,k>10!.

~9!

P(ek, L, L) is the joint prior probability for the dielec-
tron detection efficiencyek, the integrated luminosityL, and
the compositeness scaleL. Takingek, L, andL to be inde-
pendent,

P~ek,L,L!5P~ek!P~L !P~L!. ~10!

The prior probabilities of detection efficiencyek and inte-
grated luminosityL are assumed to be Gaussian with th
estimated value in each bin as themeanand corresponding
error as thewidth of the Gaussian. The prior distributio
P(L) is chosen to be uniform in 1/L2. This represents a
prior distribution essentially flat in the cross section. T
resulting posterior densityP(LudO) peaks at 1/L250 and
falls off monotonically with increasing 1/L2. The 95% C.L.
lower limit on L is defined by

E
L l im

`

dL8P~L8udO!50.95. ~11!

The values of efficiency,ek, and the expected number o

TABLE VI. Expected 95% C.L. lower limitsL l im on the com-
positeness scale for different helicity channels of the quark-elec
currents forL510 fb21 at 14 TeV withdek515% anddL55%.

L l im (TeV) L l im (TeV)
Channel (h i j 521) (h i j 511)

LL 24.0 16.4
RR 24.0 16.5
RL 21.4 17.6
LR 21.7 17.4

TABLE VII. Expected 95% C.L. lower limitsL l im on the com-
positeness scale for different helicity channels of the quark-elec
currents for L5100 fb21 at 14 TeV with dek515% and dL
55%.

L l im (TeV) L l im (TeV)
Channel (h i j 521) (h i j 511)

LL 33.8 20.1
RR 33.7 20.2
RL 29.2 22.1
LR 29.7 21.8
3-4
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DY eventsNDY
k ,4 in individual mass bins are listed in Tab

II for an integrated luminosity of 2 and 30 fb21. The ex-
pected 95% C.L. lower limits onL for the LL, RR, RL, and
LR helicity channels of the quark-electron currents for bo
constructive and destructive interference are listed in Ta
III and IV for integrated luminosities of 2 and 30 fb21, re-
spectively.

Exploring the lower limits on L at LHC

We have made a similar analysis of the DY process
cluding the effect of quark-electron compositeness at
TeV. As before we have assumed that DY dielectron d
that would be collected by the CMS detector at LHC wou
agree with SM prediction. We then use the Bayesian te
nique to obtain the lower limits onL at 14 TeV. We have
made separate studies for 10 fb21 of data and 100 fb21 of
data. AK factor of 1.13@9,10# has been used as the NNL
correction factor. Figure 4 shows the cross section versus
dielectron invariant mass, in the high-mass region betw

TABLE VIII. L5s for five different integrated luminosities fo
h i j 521 at As514 TeV with dek515% anddL55%.

L5s (TeV)

Channel 10 fb21 50 fb21 100 fb21 200 fb21 500 fb21

LL 16.0 20.6 23.4 26.2 31.0
RR 16.0 20.5 23.3 26.2 30.8
RL 15.1 18.6 20.9 23.2 26.8
LR 15.1 19.1 21.1 23.5 27.1

FIG. 6. 5s discovery limit versus the integrated luminosity fo
h i j 521 ~constructive interference!.

4NDY
k is generated with aK factor of 1.22 inPYTHIA.
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50 GeV and 2 TeV in the LL channel for different values
L for h i j 521 ~constructive interference! and Fig. 5 shows
the corresponding plot forh i j 511 ~destructive interfer-
ence!.

We generated DY events in the dielectron mass rang
150 GeV to 2 TeV. We then compared the expected num
of DY eventsNDY , atAs 5 14 TeV with the expected num
ber of dielectron eventsNexp

L at various values ofL in the
mass range of 500 GeV to 2 TeV where the deviation fr
SM predictions due to the composite structure of quarks
electrons is most pronounced at LHC. The electron iden
cation efficiencye1 is taken to be 95%@12#. The constant
and stochastic terms in the energy resolution of the elec
magnetic calorimeter of the CMS detector are taken to
@12#

C50.55%, ~12!

and

a52.7%, uhu<1.5,

5.7%, 1.5,uhu<2.5.

TABLE IX. L5s for five different integrated luminosities fo
h i j 511 at As514 TeV with dek515% anddL55%.

L5s (TeV)

Channel 10 fb21 50 fb21 100 fb21 200 fb21 500 fb21

LL 12.4 14.9 15.9 17.1 18.3
RR 12.4 14.9 16.0 17.1 18.4
RL 13.1 15.8 17.3 18.5 20.2
LR 13.0 15.7 17.2 18.3 20.0

FIG. 7. 5s discovery limit versus the integrated luminosity fo
h i j 511 ~destructive interference!.
3-5



e

fo

0

d

s
or

o

n
ta

a

the

ate

r
eV
e

on

d
c-

r

rk-

-

ury
u-

nd

SUPRIYA JAIN, AMBREESH K. GUPTA, AND NABA K. MONDAL PHYSICAL REVIEW D62 095003
The fiducial and kinematic cuts selected are the sam
for DO” . The values ofek andNDY

k ,5 in individual mass bins
are listed in Table V for integrated luminosities of 10 fb21

and 100 fb21.
The expected 95% C.L. lower limits onL for the LL, RR,

RL, and LR helicity channels of quark-electron currents
both constructive and destructive interference are listed
Tables VI and Table VII for integrated luminosities of 1
and 100 fb21, respectively.

The discovery limits forL ~defined as a deviation of 5s
from SM prediction! for the various models have been liste
for integrated luminosities of 10, 50, 100, 200, and 500 fb21

in Table VIII for h i j 521 and in Table IX forh i j 511.
Plots of the discovery limit versus the integrated lumino

ity for the various chirality channels are shown in Fig. 6 f
h i j 521 and in Fig. 7 forh i j 511.

To conclude, we have performed a Monte Carlo study
the dielectron invariant mass spectrum~DY 1 composite-
ness! for pp̄ collisions at 2 TeV andpp collisions at 14 TeV.
We have considered the LL, RR, RL, and LR chirality cha
nels of the quark-electron currents. Assuming that the s
dard model will describe the high mass DY dielectron data

5NDY
k is generated with aK factor of 1.13 inPYTHIA.
.

-
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2 and 14 TeV, we have found that it is possible to extend
lower limits on the compositeness scaleL from the existing
limits.

For pp̄ collisions at Tevatron we have made separ
studies for integrated luminosities of 2 and 30 fb21 with
respect to the DO” detector. The expected 95% C.L. lowe
limits on L range between 6 and 10 TeV and 9 and 19 T
for 2 and 30 fb21 of dielectron data, respectively. Thes
limits are in agreement with similar limits onL quoted be-
tween 6 and 10 TeV for 2 fb21 and 14 and 20 TeV for
30 fb21 of data with respect to the CDF detector at Tevatr
@13#.

For pp collisions at LHC we have considered 10 an
100 fb21 of dielectron data with respect to the CMS dete
tor. The expected 95% C.L. lower limits onL range between
16 and 25 TeV for 10 fb21 and between 20 and 36 TeV fo
100 fb21 of dielectron data.

We have also explored the discovery potential for qua
electron compositeness~defined as a deviation of 5s from
SM prediction! at LHC as a function of integrated luminos
ity.
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