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Measurement of Dijet Angular Distributions and Search for Quark Compositeness
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We have measured the dijet angular distribution\ifla = 1.8 TeV pp collisions using the DO
detector. Ordera? QCD predictions are in good agreement with the data. At 95% confidence
limit the data exclude models of quark compositeness in which the contact interaction scale is below
2 TeV. [S0031-9007(97)05129-6]

PACS numbers: 13.87.Ce, 12.38.Qk, 12.60.Rc, 13.85.Ni

In this Letter we present a new measurement of the-channel exchanges and produce dijet angular distri-
angular distribution of dijets produced ipp collisions  butions peaked at small center-of-mass (CM) scattering
over a wide angular range and at higher precision thaangles; many processes containing new physics are more
previous measurements [1]. In quantum chromodynamisotropic. Dijet final states ipp collisions can be pro-
ics (QCD), parton-parton scattering processes are mainiguced through quark-quark, quark-gluon, and gluon-gluon
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interactions. The angular distributions produced by thesene jet overlaps another, they are merged into a single jet
processes as predicted by theory are similar. Thereforié they share more than 50% of the, of the lowerEr
the dijet angular distribution is insensitive to the relativejet. Otherwise, they are split into two distinct jets.
weighting of the individual hard scattering process and Jetenergy calibration is performed in a multistep process
thus is insulated from uncertainties in the parton distribu{8]. First, the electromagnetic energy scale in the central
tion functions (pdf's). Thus, the dijet angular distribu- calorimeter is determined by scaling the energies of elec-
tion provides an excellent test of QCD and a means ofrons fromZ boson decays so that the correci&dnass
searching for new physics such as quark compositenesagrees with the value measured at LEP [9]. Next, the jet
Next-to-leading order (NLO) QCD predictions are avail- response of the central calorimeter is measured using mo-
able [2,3] and comparisons can be made between the datzentum conservation in a sample of photérjet events.
and both leading order (LO) and NLO predictions. After determining the jet response for the central calorime-

The value of the mass scale\, characterizes the ter as a function of jet energy, the relative dependent
strength of the quark substructure binding interactionget response is measured using both photojet and di-
and the physical size of the composite states. In thget events. One jet (photon) is required to be central, and
regime where\ > /5 is valid, the quarks appear almost the jet response is measured as a function ofitha the
pointlike and any quark substructure coupling can be apether jet. Jets are also corrected for out-of-cone shower-
proximated by a four-Fermi interaction. With this approxi- ing losses, underlying event, multip}g interactions, and
mation, the effective Lagrangian for a flavor diagonaleffects of uranium noise.
definite chirality current is [4,5]:£ = AQ#7/A?) X Quality cuts are required for the two leadifg jets in
(Gay*qu) (Guyunqu) WwhereA = *1, andH = L, R for  each event. These cuts eliminate spurious jets that arise
left- or right-handed quarks. While this is not the only from noisy calorimeter cells, cosmic rays, and accelerator
possible contact interaction, it is the only one for whichlosses. The efficiencies for these cuts &g and 7
calculations are currently available. Since the sigd i  dependent and vary between 90% and 97%.
a priori undetermined, limits for constructive interference  We define the meanypyoest = %(771 + m,) and the
(A = —1) and destructive interferencéd = +1) are half differencen” = %(771 — m2) of the pseudorapidi-
presented. Recently published results from CDF [1] orties of the two jets with highes&r. Data are se-
dijet angular distributions have been compared to the samected in bands of dijet invariant madg, where M?> =
model in which all quarks are composite, yielding 95%2ErEro[coshi2n™ — cod¢; — ¢2)], neglecting the jet
confidence limitsA™ > 1.8 TeV andA~ > 1.6 TeV on  masses. To maintain uniform acceptance [10], we require
the interaction scales. [712] < 3 and|npeost| < 1.5.

The DO detector, described in detail elsewhere [6], mea- The dominant spin-1 gluon exchange yields a distri-
sures jets using uranium, liquid-argon sampling calorimebution in the CM scattering anglé* = cos !(tanhyn*)
ters that provide uniform and hermetic coverage over aimilar to Rutherford scattering: dNgum/d cosO™ o«
large range of pseudorapidityny| = 4). Typical trans- 1/sir*(6*/2). We transform 6* to y = 27l =
verse segmentation &1 X 0.1 in 5 X ¢, where¢ is (1 + |cosf*])/(1 — |cosé*|), so that larged™ maps to

the azimuthal angle. small y (e.g.,6" = 90° — y = 1). ThendNrum/dy is
The data are from the4 pb~! sample recorded during independent of, facilitating a comparison with theory.
the 1993-1995 Tevatron run. Events are selected using aTable | shows the dijet angular distribution,

multilevel trigger. The first level requires an inelastic col- (100/N) (dN/dx), in bins of Ay =1 with its sta-
lision by demanding the coincidence of two hodoscopesistical error in the four mass bins. TheTRAD program
on either side of the interaction region. In the second3] is used to determine the LO and NLO QCD predic-
level, jet candidates are selected using an array of 4flons. The jets at NLO are found using the standard [11]
calorimeter trigger tower8.8 X 1.6 in n X ¢, covering jet definition which combines two partons into a single
|p| < 4. Four different trigger criteria are defined, eachjet if they are both withinfR = 0.7 of their E; weighted
requiring a single trigger tower above a different trans-center. We require that two partons also be closer than
verse energyEr) threshold. The final level, an online Ry, X 0.7 with R, = 1.3 [12,13]. Figure 1 shows
software trigger, selects events with a jet above a preséhe dijet angular distributions normalized to the unit area
threshold. TheEr thresholds at which the triggers are compared to three different theoretical predictions. The
>98% efficient for then coverage used in this analysis dashed and solid curves show the LO and NLO predic-
are 55, 90, 120, and 175 GeV. tions for a single choice of renormalization/factorization
Jets are reconstructed using a fixed cone algorithm witkcale,.u = E7 of the maximumgy jet. The dotted curve
radius R = \/An? + A¢? = 0.7. Calorimeter towers shows the effects of changing the scaleito= E7**/2
with Er greater than 1.0 GeV are used as seed tower®r the NLO predictions. The LO predictions are fairly
for jet finding [7]. JetE7 is defined as the sum of the insensitive to the renormalization scale, so only one scale
E7 in the towers withR < 0.7 from the seed tower and is shown. With the large value Of.x, the effects of
a new E; weighted center of the jet is calculated. This higher order QCD become apparent. The theoretical pre-
process is repeated until the jet center is stable. Whedictions are clearly sensitive to the order of the calculation
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TABLE I. Dijet angular distribution(100/N) (dN/d x) with statistical uncertainties for the
four mass bingGeV/c?).

X 260 < M < 425 425 < M < 475 475 < M < 635 M > 635
15 5.94 = 0.36 7.58 = 0.69 10.1 = 0.34 12.0 = 1.04
2.5 5.50 £ 0.35 4.26 £ 0.52 7.56 = 0.30 12.5 = 1.06
3.5 4.59 £ 0.32 4.96 = 0.57 7.83 £ 0.30 9.11 £ 091
4.5 4.57 £0.32 5.54 = 0.59 7.71 £ 0.30 9.79 £ 0.95
55 4.56 £ 0.32 5.29 £ 0.58 7.87 £ 0.31 10.1 = 0.97
6.5 5.10 £ 0.33 6.26 = 0.64 8.17 = 0.31 9.58 £ 0.95
7.5 5.10 £ 0.33 4.83 £ 0.56 8.70 = 0.32 9.30 = 0.94
8.5 5.61 £ 0.35 440 = 0.53 791 = 0.31 8.08 = 0.88
9.5 493 = 0.33 5.60 = 0.60 8.46 = 0.32 8.96 = 0.92
10.5 6.04 = 0.36 5.21 £ 0.58 8.62 = 0.32 10.6 = 1.01
11.5 540 = 0.34 4.30 = 0.53 8.38 = 0.32
12.5 533 £ 0.34 475 £ 0.55 8.69 = 0.32
135 541 = 0.34 543 *= 0.58
14.5 540 = 0.34 5.69 = 0.60
155 5.60 = 0.35 6.18 = 0.63
16.5 4.81 £0.32 470 £ 0.55
17.5 495 £ 0.33 4.83 £ 0.55
18.5 5.78 = 0.35 5.01 = 0.56
19.5 537 £ 034 5.17 = 0.57

and to the renormalization scale. The NLO predictiongematic uncertainty is due tg biases in jet reconstruc-
are seen to be in better agreement with the data than thi®on, multiple pp interactions,; dependent jet quality cut
LO calculations, especially for large. efficiencies, and effects of calorimetgrand Er smear-
The dominant source of error on the angular distributioring. Because the data distributions are normalized to the
is the uncertainty in the) dependence of the calorimeter unit area, uncertainties in the absolute jet energy scale are
energy scale. This uncertainty is less than 4% and nearlyinimal. All systematic uncertainties added in quadrature
independent of dijet invariant mass. The remaining sysare shown as a band at the bottom of Fig. 1. The effects
of a different pdf were examined by replacing the default
CTEQ3M [14] with CTEQ2MS [15]. The calculated an-

QXO%;, E 260<M(CeV/c")<425 QXO%; F 425<M(GeV/c?)<475 gular distribution is insensitive to this change.
Zo08 b :tguig.ri%’:“* Z508 F Because the currently available NLO calculations do
Z007 £ :LO#ZE‘AOX Z0.07 | not implement the effects of both QCD and quark sub-
~0.06 -4 -1 0.06 Fi structure, possible effects of quark compositeness are de-
0.05 F g 005 £ termined using a LO simulation [4]. The ratio of the LO
0.04 | ™ 0.04 ¢ predictions with compositeness to the LO predictions with
g'gz F i 8‘82 no compositeness is used to scale the NLO calculations.
B e TR T-a7 S s T T Figure 2 shows the dijet angular distribution for events
X with M > 635 GeV/c? compared to the theory for differ-
5012 ¢ 50.16 ent values of the compositeness scal€,. The largest
o.11 | 475<M(GeV/)<835 | T L | dijet invariant mass bin is shown because the effects of
5 0.1 *‘ %o 1 : guark compositeness become more pronounced with in-
fg'gz 2 < creasing dijet invariant mass.
0.07 £ 008 F To obtain a compositeness limit, we constructed the
0.06 [ U variableR,, the ratio of the number of events with < 4
005 £ Systemotic Error [ 0% | —Systematic Error to the number of events with < y < xma. The value
0.04 s | 0.04 e R x = 4 is chosen to optimize the sensitivity to quark com-
003 gum=—g =3¢’ ‘>< 0 s T '1'o'x positeness. Because the angular distribution of jets arising

from contact interactions is expected to be more isotropic
FIG. 1. Dijet angular distributions for DO data (points) com- than that for QCD interactions, contact interactions will
pared toJETRAD for LO (dashed line) and NLO predictions produce more events at smallthan QCD and therefore

with renormalization/factorization scaje = Er™ (solid line). il have a larger value oR,. Then dependent energy
Y-

The data are also compared IBTRAD NLO predictions with - . . . -
u = EP /2 (dotted line). The errors on the data points areScale corrections increase as a function of invariant mass

statistical only. The band at the bottom represents the correcaUsingR, to be reduced by 8% in the lowest mass bin
lated =10 systematic uncertainty. and by 28% in the highest mass bin. Table Il shows the
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%< 0.2 T T T T T T T T ™) ﬂ; 0.7 A Q:x 0.7
~ ] max max
= ~ 2 1 0.6 - #=0.58 o 0.6 [ #=E
U S S A =1.6TeV ] 0.5 | ® D@ Data Iu 0.5 t }
016 0 iL L A =1.8TeV 7] [m]
. A"=20Tev ]
014 F NLO . 0.4 + g 0.4
: max ] : #
012 b u=0.5E; ]
r 1 0.3 r 0.3 +
0.1
0.08 -
H 0.2 b %n {é 0.2 t % }
[ ] ]
0.06 [ . o
[ Systematic Error ]
0.04 — lo — AN =1.8TeV x=23.6 AN =18Tev x=14.3
L i OAN =20TeV x¥=13.6 OA =20TeV ¥'=7.4
0.02 -
C ] O NLO X=6.3 ONLO ¥=3.9
FR S S N SO SO SR N SN SR SR NN SR TR SR (NN S SN T N1 01...I‘|.I\\. O1"'I“‘l"‘
0 2 4 6 8 10 "'200 400 600 800 ' 200 400 600 800

X M(GeV/c?) M(GeV/c?)

FIG. 2. Data compared to theory for different Composnenesl?G. 3. R, as a function of dijet invariant mass for two dif-

igrent renormalization scales. See text for how compositeness
IS calculated for NLO predictions. The inner error bars are the
statistical uncertainties and the outer error bars include the sta-
) ) ) _ tistical and systematic uncertainties added in quadrature. The
experimental ratiaR, for the different mass ranges with 2 values for the 4 degrees of freedom are shown for the differ-
their statistical and their systematic uncertainties, whictent values of the compositeness scale. The DO data are plotted

are fully correlated in mass. Figure 3 exhibRg as a at the average mass for each mass range. The NLO points are

function of M for two different renormalization scales °ffSetin mass to allow the data points to be seen.

along with the theoretical predictions for different com-

positeness scales. Note that the two largest dijet invarisumed to be flat either i = 1/A? or ¢ = 1/A*. Since

ant mass bins have a lowgf,., value, and thus a higher the dijet angular distribution at NLO is sensitive to the

value ofR, is expected independent of compositeness adenormalization scale, each renormalization scale is treated

sumptions. Also shown in Fig. 3 are thé values forthe as a different theory. The likelihood function has the

4 degrees of freedom for different values of the composform P(R, | £) = e ¥"/2. To determine the 95% confi-

iteness scale. Thg? is defined asy? = i 5iVJ15j, dence limit inA, a limit in ¢ is first calculated by requir-

where §; is the difference between data and theory ining thatQ(¢) = fg P(R, | €"P(£)dE" = 0.95 of Q(=).

each mass bin. The covarance matrixV, is defined The limit in & is then transformed back into a limit ifu.

asV; = oj(sta) + o7 (sysd, Vij = ai(sysha;(sys), for ~ Table Il shows the 95% confidence limits for the compos-

i # j. For both renormalization scales, the data prefer adeness scale obtained for different choices of models using

model without quark compositeness. The data are bettex prior probability distribution which is flat ih/A2.

fit with uw = E7™. If we vary the models to include constructive interfer-
We employed a Bayesian technique [16] to obtain aence (A~), or require only up and down quarks to be

compositeness scale limit from our data, using a Gaussomposite(A,,), the 95% confidence limits for the com-

ian likelihood function,P(R, | ¢), for R, as a function positeness scale change 9.1 TeV. If the prior proba-

of dijet invariant mass. The compositeness limit dependsility distribution is assumed to be flat in/A*, the

on the choice of the prior probability distributio®(¢).  95% confidence limits are reduced by approximately 6%.

Motivated by the form of the Lagrangia}(£) is as- These limits are valid for either pure left- or right-handed

scales. See text for how compositeness is calculated for NL
predictions. The errors on the points are statistical and the ba
represents the correlatedl o systematic uncertainty.

TABLE Il. Value of R, with statistical and fully correlated TABLE Ill. The 95% confidence limits for the left-handed
systematic uncertainties. contact compositeness scale for different models. The prior
probability distribution is assumed to be flat ifA>.

Mass range
(GeV/c?) R, Stat error Syst error  Compositeness scale u = Ef™ w = Er™/2
260-425 0.191 0.0077 0.015 At 2.1 TeV 2.3 TeV
425-475 0.202 0.0136 0.010 A~ 2.2 TeV 2.4 TeV
475-635 0.342 0.0085 0.018 * 1.9 TeVv 2.0 TeV
>635 0.506 0.0324 0.028 A 2.0 TeV 2.2 TeV
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contact interactions. Unlike the earlier measurement [1] 3020 (1989); CDF Collaboration, F. Atet al., Phys. Rev.

using ymax = 3, the large range of explored here gives Lett. 69, 2896 (1992); CDF Collaboration, F. At al.,
greater sensitivity to compositeness terms with construc-  Phys. Rev. Lett77, 5336 (1996),78, 4307(E) (1997).
tive interference than for destructive interference. [2] S.D. Ellis, Z. Kunszt, and D.E. Soper, Phys. Rev. Lett.

In conclusion, we have measured the dijet angular dis- 3 S\;‘_?lél ElggEO)\'N N. Gl dD.A K Nugl
tribution over a large angular range. The data distribu- 3] PHyé 8433?63.3 (i9§3) over, and L. A. Rosower, Nucl.
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