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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 sdaleary 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 TéVevatror) 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 or\ (at 95% C.L) to a range of 6-10 TeV for 2 fot and 9—-19 TeV for 30 fb! of
integrated luminosity at Tevatron. At LHC, the corresponding limits extend to a range of 16—25 TeV for
10 fb ! and 20-36 TeV for 100 fb' of integrated luminosity.

PACS numbds): 12.60.Rc, 13.85:t

The proliferation of quarks and leptons has inspiredis the left-handed quark doubleiz and dg are the right-
speculation that they could be composite structures, i.ehanded quark singlet®, and eg are the left- and right-
bound states of more fundamental constituents often calledanded electrons, respectively. The compositeness stale (
preons[1]. Below a characteristic energy scale called theis chosen so thag3/47=1 and the largesitn;;|=1, where
compositeness scald the preon-binding interaction be- g is the coupling constant for the contact interaction ad
comes strong and binds the constituents to form compositg the interference term between the contact interaction and
states such as quarks and leptons. With such a composifge SM Lagrangian for the th channel, withi andj repre-
structure, there would be significant deviation from the stansenting the helicities of the quark and the lepton currents.

dard model(SM) prediction of high-energy cross sections. Includina the above contact interactiéat A > \/S). the DY
No such deviation has been observed so far. These null r%’rosus Isn(gction get;/ transform?d[é% at \/;),

sults have been used to put lower limits on quark-lepton

compositeness scale, which varies from 2.5 to 6.1 Tel2] do®  do
in the various chirality channels of the quark-lepton currents. ——=—(DY)+ Bl +p°C, (2)
In this paper, we consider the effects of the composite dm dm

structure of first generation quarks and leptons on the Drell-

— - : here B=1/A% and m is the dielectron invariant mass. In

Yan (DY) proce ee” [3]. If the compositene cale V' : . )
) BY)p Sg]qﬂn/: (3] Pos! SsS this expression| is due to the interference of DY and the
A is much greater than's, the center-of-mass energy of the contact term, and is the pure contact term contribution to

colliding partons, the quarks and electrons would appear tghe cross section. The deviation in the dielectron production
be pointlike. The substructure coupling can then be approxi-

mated by a four-fermion contact interaction giving rise to the o~ B
following effective Lagrangiah[1]: .8.102
~— 10 Lk % - Monte Carlo

2

e - = . PYTHIA
qu:A_OZ{ULL(QLV”QL)(GLVMGL)JF 7r(ALY*dL) (ERY ,ER) < :

+ 7ri(URrY,Ur) (€L Y€ ) + R (drY,dR) (€L Y €L)

+ 7RR(URY*UR) (ER)’MGR) + nre(dry*dR) (ER’)/,U,ER)}V
1)
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FIG. 1. Dielectron invariant mass spectra between 80 GeV and
'Here we have assumed that the contact interaction is a coldt.5 TeV for the DY process afs=2 TeV, as predicted byyTHIA
singlet and weak isoscalar. and as calculated using our parton level Monte Carlo calculation.
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TABLE I. Choice of 5;; for different contact interaction models. o2k ,
- ; e - . A=5TeV
The superscript on the model denotes the nature of interference Q0L . —
between the contact interaction and the SM Lagrangian. Construc- ~ ~~ | E : k — ;8 }gg
tive interference ;= —1) is denoted by & and destructive in- g 10-13 : DY-
terference @;;=+1) is denoted by a-. e ’
10°F
Model 7L TIRR LR 7RL T
—5F
LL* T1 0 0 0 oot
RR® 0 +1 0 0 e
LR* 0 0 ¥1 0 0%
RL* 0 0 0 ¥1 10k
10—10%
-11F
10 F
=12
H H 1 H 10 Ev ol 1y co b e b by LT
from SM expectations would be dominant in the hlgh_ mass o0 00" 600 500 1000120 1200 1600 1800
region above th& pole. We have made separate studies for m (GeV)

guark-electron compositeness for an integrated luminosity of

2 fo~! (run 1) and 30 fb* (TEV33) with respect to the FIG. 3. Cross sectiom o (in 50 GeV bing, versus dielectron
DO detector at the Fermilab Tevatron and an integrated luinvariant massn between 50 GeV and 1.8 TeV for DY process and
minosity of 10 and 100 fb' with respect to the CMS de- three different values o in the LL channel forg;=+1.

tector at the CERN Large Hadron CollidgHC). However,

the results should be valid for the Collider Detector at Ferof Eq. (1) for quark-electron compositeness. The choice of
milab (CDF) detector at Tevatron and the ATLAS detector at 7;; for the different models of compositeness is listed in
LHC as well. We have simulated dielectron productionTable l.

through the DY process alone mp (pp) collisions at the
center-of-mass energy/s, equal to 2 TeV(14 TeV) using
PYTHIA [5]. However, sinceeYTHIA does not incorporate all We simulatepp collisions usingPYTHIA at 2 TeV and

the compositeness models, we have used a separate parigherate DY dielectron events between 95 GeV and 1.5 TeV
level Monte Carlo program to estimate dielectron productiorof the dielectron invariant mass. The total number of dielec-
rates in the presence of compositeness. Assuming that theon events generated By THIA, Nge,, gives the expected
Tevatron and LHC data on dielectron production are consisaumber of background subtracted dielectron evéiys to

tent with DY predictions under SM, we extract limits on be collected at Tevatron as

compositeness scale using Bayesian technique of statistical

inference[6,7]. We have considered four different models Npy=€XNgen, ©)
corresponding to the LL, RR, RL, and LR chirality channels

Exploring the lower limits on A at Tevatron

where € is the detection efficiency of the dielectron. The
detection efficiency of the dielectron involves contribution
from the following termsia) energy smearingb) electron
identification efficiencye;, and(c) acceptance,.

3102; ,,,,,,,,,,,,,,,,,,,,, The energy resolution of the electromagnetic calorimeter
Ko 2u T ! of the upgraded DQ@letector is parametrized as
o !
4“’_;? TABLE |l. Detection efficiency and expected number of DY
0 F events in different mass bins.
10 =
‘°_;’ Mass bin € NK, NK,
:g_g (GeV) L=2 fbo? L=30 fb?
10::% 120-160 0.590 2335.8 34508.1
10_9? 160-200 0.629 606.9 8990.1
10 F 200-240 0.655 236.3 3589.4
0 F 240-290 0.663 117.8 1942.8
:g—é | o T 290-340 0.675 66.5 877.1
500 400 600 800 10001200 1400 1600 1800 340-400 0.668 34.0 461.7
m (GeV) 400-500 0.689 238 276.0
500-600 0.712 6.5 98.3
FIG. 2. Cross sectiomdo (in 50 GeV bing, versus dielectron 600—1000 0.677 1.5 42.6
invariant massn between 50 GeV and 1.8 TeV for DY process and 1000—1500 0.723 0 2.2
three different values oA in the LL channel forp;=—1.
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TABLE Ill. Expected 95% C.L. lower limits\;,, on the com-
positeness scale for different helicity channels of the quark-electro
currents forL=2 fb~! at 2 TeV with 5¢=15% andsL=5%.
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TABLE IV. Expected 95% C.L. lower limits\;,, on the com-
positeness scale for different helicity channels of the quark-electron
currents forL=30 fb~! at 2 TeV with §e¥=15% andsL=5%.

Ajim (TeV) Ajim (TeV) Ajim (TeV) Ajim (TeV)
Channel rj=—1) (mj=+1) Channel ij=—1) (mj=+1)
LL 10.1 8.0 LL 18.9 17.8
RR 9.3 6.0 RR 17.0 15.1
RL 7.8 5.7 RL 13.5 9.1
LR 7.3 6.0 LR 121 9.2
a\? a\’
<_> =C2%+ _) (E in GeV), (4) mass distributiorfi.e., Npy) in the high-mass region with the
E JE expected dielectron mass distribution for various values of

(i.e., N/e‘xp). Limits are obtained independently for each sepa-

. rate channel of the contact interaction Lagrangian: LL, RR,
where the constant ter@and the stochastic termare taken RL, and LR with»; =+ 1. Figure 2 shows the cross section

to 2 and 16 %, respectively. We take the electron identificaygrsys the dielectron invariant mass, in the high-mass region
tion efficiencye; for a single electron to be 85%. The iden- perween 50 GeV and 1.8 TeV in the LL channel for different
tification efficiency for a dielectr_on is theeﬁ. The accep- ygalues ofA for 7;=—1 (constructive interferengand Fig.
tancee, of dielectron events ipp collisions is defined as 3 shows the corresponding plot fgf; = + 1 (destructive in-
the fraction of events in which the™e™ pair passes the terference
fiducial and the kinematic cuts after taking into account the Since the effect of compositeness is most pronounced in
energy smearing. The fiducial and the kinematic cuts usethe high dielectron mass region we consider ten different
are the following:(a) | »|=<2.5, wherey is the pseudorapid- mass bins of variable width between 120 GeV and 1.5 TeV.
ity (= —In[tan(6/2)]). This ensures that the dielectron event The expected number of events at the compositeness Acale
selected is in the active detector region, dbdA kinematic  in the k™ mass bin is given as
cut of py=25 GeV, wherept is the transverse momentum
of the electron and the positron. This cut ensures an efficient
trigger?

The dielectron detection efficienayis then

Ak_
exp

N (oM *x L),

(6)

whereo™ K is the cross sectiofincluding compositeneg$or
the k™ mass bin and. is the integrated luminosity. The pos-
terior probability for the compositeness scale to/bgiven
the expected DY dielectron data distributialy, is

©)

— 2
e=¢eXe€y.

We then generate thexpectednumber of dielectron
eventsNpr in various mass bins including the effect of the

o~
composite structure of quarks and electrons for various val- '8_103; A=2TeV
ues of A using the parton level Monte Carld1C) calcula- ~ | S A=10TeV
tion. We calculate the cross section’y) for the production 2 107

of dielectrons including terms from the contact interaction .

Lagrangian of Eq(1) with the SM Lagrangian. The leading
order (LO) cross-section calculation is corrected for higher-
order QCD effects using i factor of 1.222 We checked the
parton level MC calculation by comparing its prediction with
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 ok, we then use the
Bayesian technique to compare the Drell-Yan dielectron

.......
................

:IIII\II\\\IIIIIII\IIIII\II‘\\I'II\II\\
200 400 600 800 1000 120014001600 18002000

2This cut is based on the D@n | analysis of DY data at 1.8 TeV m (GeV)
[8].

3This K factor is the ratio of the NNLO DY cross section to the FIG. 4. Cross sectiomo (in 50 GeV bing, versus dielectron
LO DY cross section at 1.8 Tefd,10]. We consider the same value invariant massn between 50 GeV and 2 TeV for DY process and
for the K factor for DY + compositeness at 2 TeV. three different values o in the LL channel forp;=—1.
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FIG. 5. Cross sectiomo (in 50 GeV bing, versus dielectron
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invariant massn between 50 GeV and 2 TeV for DY process and

three different values oA in the LL channel forp;=+1.

1 n
P(Aldo)=7 I PKNGINgiP(es L, A), (@)

where Z is the normalization constar®*(NE|N2.X) is the
likelihood function which follows a Poisson distribution for
small NSK:

—NAKC ALKy NE
e exp(NeX DY

PX(Npy|Nexp) =
k
Npy!

. (Ng<10) (8)

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

Mass bin € NK NKy

(GeV) L=10 fo? L=100 fb?!
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
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TABLE VI. Expected 95% C.L. lower limits\;,, on the com-
positeness scale for different helicity channels of the quark-electron
currents forL=10 fb™! at 14 TeV with5e*=15% andsL=5%.

Ajim (TeV) Ajim (TeV)
Channel trj=—1) (mj=+1)
LL 24.0 16.4
RR 24.0 16.5
RL 21.4 17.6
LR 21.7 174

and a Gaussian distribution for large.* , with meanN2 ;X

Xp? exp
and standard deviatiom;;, (o1= \/Ne:;);p)E [11]:
K |nAK 1 —I(NK, —NAK 21242 Ak
P(Npy|Ngxp) = e oy Nexd™271 - (N, i=10).
N2moq
9

P(€%, L, A) is the jointprior probability for the dielec-
tron detection efficiencyX, the integrated luminosit, and
the compositeness scale Taking €, L, andA to be inde-
pendent,

P(e“L,A)=P()P(L)P(A). (10)

The prior probabilities of detection efficiency® and inte-
grated luminosityL are assumed to be Gaussian with their
estimated value in each bin as threeanand corresponding
error as thewidth of the Gaussian. The prior distribution
P(A) is chosen to be uniform in A?. This represents a
prior distribution essentially flat in the cross section. The
resulting posterior densitP(A|dg) peaks at 14%=0 and
falls off monotonically with increasing 2. The 95% C.L.
lower limit on A is defined by

f dA’P(A’|dg)=0.95. (11
Alim

The values of efficiencye, and the expected number of

TABLE VII. Expected 95% C.L. lower limits\ ;,, on the com-
positeness scale for different helicity channels of the quark-electron
currents forL=100 fb'! at 14 TeV with 5e¥=15% and 6L
=5%.

Ajim (TeV) Ajim (TeV)
Channel 67”:_1) (77|]:+1)
LL 33.8 20.1
RR 33.7 20.2
RL 29.2 22.1
LR 29.7 21.8
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TABLE VIII. A, for five different integrated luminosities for

7j=—1 at\s=14 TeV with 5"=15% andsL=5%. 13 3 :3 3
: .
Channel 10 fb' 50 fb™' 100 fb'! 200 fb! 500 fo ! 14 ¢ 14
< 13 13
LL 16.0 20.6 23.4 26.2 31.0 > L, b
RR 16.0 20.5 23.3 26.2 30.8 L 0 200 400 0 200 400
RL 15.1 18.6 20.9 23.2 26.8 8 205 gi- 205 -
LR 15.1 19.1 21.1 235 27.1 < 19: 19 &
18 T 18 &
17 & 17 £
16 E 16 &
DY eventsNE, ,* in individual mass bins are listed in Table 15 5 15 &
Il for an integrated luminosity of 2 and 30 . The ex- 14 5 14 5
pected 95% C.L. lower limits on for the LL, RR, RL, and 13 e e e 560908

LR helicity channels of the quark-electron currents for both

: L . . I . inosity (fb™'
constructive and destructive interference are listed in Tables nteg. Luminosity (fb™)

Il and 1V for integrated luminosities of 2 and 30 b, re- FIG. 7. 50 discovery limit versus the integrated luminosity for
spectively. 7i;=+1 (destructive interferenge
Exploring the lower limits on A at LHC 50 GeV and 2 TeV in the LL channel for different values of
A for 7;=—1 (constructive interferengeand Fig. 5 shows

We have made a similar analysis of the D.Y Process Ny q corresponding plot for;=+1 (destructive interfer-
cluding the effect of quark-electron compositeness at 1 9

TeV. As before we have assumed that DY dielectron data
that would be collected by the CMS detector at LHC would
agree with SM prediction. We then use the Bayesian tech
nigue to obtain the lower limits oA at 14 TeV. We have
made separate studies for 10~ fbof data and 100 fb' of
data. AK factor of 1.13[9,10] has been used as the NNLO
correction factor. Figure 4 shows the cross section versus th
dielectron invariant mass, in the high-mass region betwee@

We generated DY events in the dielectron mass range of
150 GeV to 2 TeV. We then compared the expected number
of DY eventsNpy , at Js = 14 TeV with the expected num-
ber of dielectron eventB\IeAXp at various values of\ in the
mass range of 500 GeV to 2 TeV where the deviation from
M predictions due to the composite structure of quarks and
ectrons is most pronounced at LHC. The electron identifi-
ation efficiencye; is taken to be 95%12]. The constant
and stochastic terms in the energy resolution of the electro-

30 L 30 E magnetic calorimeter of the CMS detector are taken to be
28 & 28 | [12]
26 & 26 |
24 F 24 & C=0.55%, (12
2 F 22 F
20 [ 20
9 18 § 18 5 and
,‘1_’ 165, 1 16E, 1
= 0 200 400 0 200 400
T2 e —
g a=2.7%, |n|<1.5,
< 26> RL* 26 LR* "
24 - 24 £
22 2 F 5.7%, 1.5|75|<2.5.
20 20 F
18 _ 18 5 TABLE IX. As, for five different integrated luminosities for
L A . m;=+1 at\s=14 TeV with 5e*=15% andsL=5%.
0 200 400 0 200 400
Integ. Luminosity (fb™) As, (TeV)

FIG. 6. S0 discovery limit versus the integrated luminosity for Channel 10 fo! 50 fo~' 100 fo'' 200 fo* 500 bt

7;;=—1 (constructive interferenge 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

N, is generated with & factor of 1.22 inPYTHIA.

095003-5



SUPRIYA JAIN, AMBREESH K. GUPTA, AND NABA K. MONDAL PHYSICAL REVIEW D62 095003

The fiducial and kinematic cuts selected are the same a&&and 14 TeV, we have found that it is possible to extend the
for DO. The values o&* andN§, . in individual mass bins lower limits on the compositeness scalefrom the existing
are listed in Table V for integrated luminosities of 10 fp  limits.
and 100 fol. For pp collisions at Tevatron we have made separate

The expected 95% C.L. lower limits ob for the LL, RR,  studies for integrated luminosities of 2 and 30 ¥bwith
RL, and LR helicity channels of quark-electron currents forrespect to the DQletector. The expected 95% C.L. lower
both constructive and destructive interference are listed ilimits on A range between 6 and 10 TeV and 9 and 19 TeV
Tables VI and Table VII for integrated luminosities of 10 for 2 and 30 fb* of dielectron data, respectively. These
and 100 fb'?l, respectively. limits are in agreement with similar limits oA quoted be-

The discovery limits forA (defined as a deviation ofc6  tween 6 and 10 TeV for 2 fot and 14 and 20 TeV for
from SM prediction for the various models have been listed 30 fo™* of data with respect to the CDF detector at Tevatron
for integrated luminosities of 10, 50, 100, 200, and 500 b  [13].
in Table VIII for »;=—1 and in Table IX fory;=+1. For pp collisions at LHC we have considered 10 and

Plots of the discovery limit versus the integrated luminos-100 fb ! of dielectron data with respect to the CMS detec-
ity for the various chirality channels are shown in Fig. 6 for tor. The expected 95% C.L. lower limits dnrange between

=—1 and in Fig. 7 fory; =+ 1. 16 and 25 TeV for 10 fb! and between 20 and 36 TeV for
To conclude, we have performed a Monte Carlo study ofl00 fb ! of dielectron data.
the dielectron invariant mass spectry®Y + composite- We have also explored the discovery potential for quark-

ness for pp C0|||S|0ns at2 TeV anqbp collisions at 14 TeV. electron CompOSitenei{Slefined as a deviation ofdb from
We have considered the LL, RR, RL, and LR chirality chan-SM prediction at LHC as a function of integrated luminos-
nels of the quark-electron currents. Assuming that the starity-

dard model will describe the high mass DY dielectron data at The authors would like to thank Sreerup Raychaudhury

and V.S. Narasimham for their advice, comments, and stimu-
lating questions. We would also like to thank D.P. Roy and
°NK, is generated with & factor of 1.13 inPYTHIA. Sudeshna Banerjee for several fruitful discussions.
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