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Abstract 

We present measurements from events with two isolated prompt photons in pp col- 

lisions at fi = 1.8 TeV. The differential cross section, measured as a function of 

transverse momentum (PT) of each photon, is about three times what next-to-leading- 

order QCD calculations predict. The cross section for photons with Pr in the range 

10 to 19 GeV is 86 pb f27(stat) ‘i”, (syst). We also study the correlation between 

the two photons in both azimuthal angle and PT. The magnitude of the vector sum 

of the transverse momenta of both photons, KT = l&l + &-I, has a mean value of 

< KT >= 5.1 * 1.1 GeV. 



In this letter we present the first measurements of prompt diphoton production 

in proton-antiproton collisions at fi = 1.8 TeV. Prompt diphotons are two photons 

produced in the initial collision, in contrast to photons produced by decays of hadrons. 

According to Quantum Chromodynamics (QCD), th ere are three types of processes 

that contribute significantly to diphoton production: the Born process (qcf + y-y), 

the box process (gg -+ 77), and bremsstrahhng processes (e.g. qg -+ ym). In ad- 

dition to studying &CD, there is substantial interest in understanding production of 

diphotons when the initial state partons have low fractional momentum x, because it 

is a background to an intermediate mass Higgs signal (H --t 77) at future hadron col- 

liders. Correlations between the two photons can be used to study KT, the transverse 

momentum of the initial state partons participating in the hard collision. Previous 

diphoton measurements have shown that KT is significant [l]. 

A detailed description of the Collider Detector at Fermilab (CDF) may be found 

in Ref. [2]; the components relevant for this analysis are described briefly here. 

Scintillator-based electromagnetic (EM) and hadronic (HAD) calorimeters in the cen- 

tral region (17) < 1.1) are arranged in projective towers of size An x Ad x 0.1 x 0.26, 

where 1 is the pseudorapidity and 4 is the azimuthal angle with respect to the proton 

beam. The central electromagnetic strip chambers (CES) are multiwire proportional 

chambers embedded inside the central EM calorimeter near shower maximum. An 
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integrated luminosity of 4.3 pb-’ was accumulated with a trigger that required two 

clusters with EM transverse energy (ET) greater than 10 GeV each. The trigger ef- 

ficiency per photon, shown in Fig. la, was measured from a sample of electrons with 

ET > 5 GeV. Throughout this article PT is the component of the photon momentum 

transverse to the beam direction, and ET is defined similarly. To reject dijet back- 

grounds, the trigger required that at least 89% of the transverse energy of the photon 

be in the EM compartment of the calorimeter. 

Photons are detected as energy clusters (31 in the electromagnetic calorimeter 

with an energy resolution go = (13.5%/e) $ 2%, where $ indicates addition in 

quadrature. For the average photon, an EM cluster consists of two adjacent towers. 

First we required the ratio of HAD ET to EM E T in each EM cluster be less than 

0.055 + 0.045 x E[GeV]/lOO, and also that the energy shared across tower boundaries 

in the EM cluster was consistent with that expected for a single electromagnetic 

shower [3]. The analysis required there be no charged particle tracks pointing at 

the EM cluster for each photon. We associated the highest energy CES cluster [4] 

within the boundaries of the each EM cluster with the photon. Candidate photons 

with additional CES energy deposits greater than 1 GeV were rejected. Fiducial cuts 

were imposed to avoid uninstrumented regions at the edges of the CES, and each 

photon was required to be in the pseudorapidity interval 191 < 0.9 and have PT in 

the range 10 < PT < 35 GeV. The dominant source of background is high energy x0 

and 7 mesons, which are typically produced in association with other hadrons. An 

explicit cut on isolation, defined as the ratio of transverse energy in towers bordering 
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the cluster to the ET of the cluster itself, was used to reduce these backgrounds. 

The isolation of each photon candidate when the other candidate is required to have 

isolation less than 0.1, shown in Fig. lb, illustrates that requiring isolation less than 

0.1 significantly reduced the background from non-isolated decays of # and 7 mesons 

opposite a photon. Also in Fig. lb, the excess of isolated diphoton candidates above 

the predictions of a background simulation [5], suggests the presence of true diphotons 

in the data. 

To subtract the background, the CES transverse profile of each photon candidate 

was fit to the profile of electrons measured in a test beam. The g2 of that fit was used 

to statistically separate the contribution of photons and background. The probability 

that a true photon has 2’ < 4 is L,, the probability that the background has 2’ < 4 

is e,o; these probabilities are PT dependent and were determined in the single photon 

analysis [4]. Within the range of photon transverse momentum 10 < PT < 19 GeV 

the background can be subtracted reliably; at higher PT the background overwhelms 

the negligible signal. 

Each event in the diphoton sample is classified into four cases; (1) both photon 

candidates fail the 2’ cut at 4, (2) the leading candidate with the highest PT fails 

the 2’ cut and the next one passes it, (3) the leading candidate passes the 2’ cut 

and the next one fails it, and (4) both candidates pass the g*cut. The number of 

photon candidates in each case can be written as a vector (I? = (NFF, NFP, NPF, Npp)) 

and related to the vector of the number of photons and mesons in diphoton and 

background events (I@ = ( W,O,O, W.+,, W,,O, W,,)) by the matrix equation P? = Efi, 
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where E is a 4 x 4 matrix of g* efficiencies. Formally 

&B = C ErBW,v 
w 

where A and B each can be either P (passes cut) or F (fails cut), p and v each can 

be either 7 (signal) or x0 (background). The efficiency matrix element Ef;YB is the 

product of probabilities of producing outcomes A and B from initial states p and Y, 

EyB = P(p -+ A)P(v + B), where P(p + A) = E,, if A = P (passes cut), and 

P(p + A) = (1 - e,,) if A = F (fails cut). For example E$ = ~~(1 - ~,a) is the 

joint probability of a photon passing and a background particle failing. Hence, the 

elements of E are simple functions of the two efficiencies s1 and e,o . 

Inverting equation 1 we obtain the raw number of photons in diphoton events, W,,, 

presented in table I. We correct for acceptance (A) and event selection efficiency (E) 

to obtain the true number of photons in diphoton events: N,, = WT7/Ac. Here A 

and E account for both photons: A = A(l)A(2) and E = e(l)e(2). The acceptance A, 

which came from the fiducial cuts alone, was 66% per photon giving 43% per diphoton 

event. The event selection efficiency is the product of the trigger efficiency (shown in 

Fig. la), the extra cluster cut efficiency ( 96% at 10 GeV falling to 93% at 20 GeV 

per photon), and the isolation cut efficiency in the presence of an underlying event 

(> 90% per photon). The diphoton cross section, which is the differential cross section 

for finding a photon in a bin of PT in a diphoton event in which both photons have 

PT > 10 GeV, is simply given by du/dPT = N,,/(LAPr), where L is the luminosity 

and APT is the bin width. The diphoton cross section is given in table II and Fig. 2. 
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In Fig. 2, and in subsequent figures, the inner error bars are statistical and the 

outer error bars are the statistical and systematic uncertainties added in quadrature. 

Sources of systematic uncertainty (u) include the trigger efficiency (l%< u <lo%), 

the isolation cut efficiency in the presence of an underlying event (9%< u <19%), 

and the background subtraction (12%< u <42%). 

In Fig. 2 we compare the diphoton differential cross section to the predictions 

of a QCD calculation [6] to order oras, which includes lowest order Born, box and 

bremsstrahlung processes and most next-to-lowest-order (NLO) processes. The CDF 

diphoton cross section is roughly three times what the NLO QCD calculation pre- 

dicts, similar to CDF single photons [4] at low PT, and the UA2 measurement [7] of 

diphotons at 11 GeV. Also shown is an analytic calculation of the Born + box pro- 

cesses alone [6], and for comparison the calculation is repeated using the Monte Carlo 

program PYTHIA [5] with and without bremsstrahlung. All calculations include the 

isolation cut and use HMRSB parton distributions [a]; when MRSDO parton distri- 

butions [9] are used the NLO cross section increases by roughly 20%. The renormal- 

ization scale was p* = (P;4, t P;*)/2 for the analytic calculation, and $ = i/4 for 

PYTHIA because the first scale was not available in PYTHIA. The NLO cross section 

decreases by less than 6% when p2 is increased or decreased by a factor of 10. The 

differences between the Born + box analytic calculation and PYTHIA are primarily 

due to KT effects, discussed in the next paragraph. Calculations that only include the 

Born and box diagrams, which are commonly used to estimate the prompt diphoton 

background to Higgs decay at future hadron colliders, are too low by roughly a factor 
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of five. 

We now use diphotons to study the PT of the initial state partons. Correlations 

between the two photons in azimuthal angle and PT can be related directly to the 

kinematics of the initial state. In Fig. 3 we present measurements of the correlation 

between the two photons compared with the predictions of PYTHIA using the Born 

and box diagrams only; including final state photon bremsstrahlung processes in the 

PYTHIA calculation does not significantly change these predictions. The three vari- 

ables shown are the vector sum of the transverse momenta KT = I& + &21, the PT 

balance B = PT~/PTI, and the azimuthal angular separation A4 = 42 - 41. All of the 

measurements agree with the PYTHIA calculation which effectively sums up multiple 

gluon bremsstrahlung in the initial state. However, analytic QCD calculations [6] to 

order o’cz, do not include multiple gluon bremsstrahlung. Unfortunately, this may 

reduce the precision of analytic calculations, because the correlation variables show 

that the transverse momentum of initial state partons can significantly affect the final 

state even for PT > 10 GeV. The mean value of KT is quite large, < KT >= 5.1& 1.1 

GeV is the mean of the data in Fig. 3a, and Fig. 4 shows that < KT > is larger at 

CDF than in previous measurements at lower 4. This may be due to a dependence 

on other dynamical variables like PT; larger event samples that cover higher PT values 

should see a larger < KT >. Significant KT, which is often not adequately included 

in QCD calculations, can affect PT distributions in hadronic collisions. 
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In summary, we have measured the diphoton cross section to be 86 pb &27(stat) 

‘“,i (syst), for ph o ons t with PT in the range 10 to 19 GeV in events containing two 

isolated photons with pseudorapidity ]q] < 0.9. We have measured the mean trans- 

verse momentum of the diphoton system to be < KT >= 5.1hl.l GeV. The diphoton 

differential cross section is roughly three times what QCD calculations predict, and 

may be a larger background to Higgs detection than was previously anticipated. 
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Table I: For each bin of photon candidate PT, we list the number of photon 

candidates contributing to the diphoton 2’ results Fail-Fail (NFF), Fail-Pass + Pass- 

Fail (N~p+Npp), and Pass-Pass (Npp). We also list the results after matrix inversion 

for the raw number of photons in diphoton events (W,,), and photons plus mesons 

in background events (W,O,O and W+L, + WY,+). The first uncertainty on W,., is 

statistical and the second is systematic. 

PT Bin NFF NFP NPP Wrw Wry 

(GeV/c) NPF W 7na 

lo-12 14 30 23 34 11 

12-15 18 49 45 33 35 

15-19 14 33 27 32 15 

WY, 

22 * 12 ‘5 3 

44 f 20 +lg 14 

27 + 18 ‘-” 

Table II: For each bin of single photon PT, we give the mean PT, the diphoton 

differential cross section, and its statistical and systematic uncertainties. Each photon 

was counted once, so that multiplying by the luminosity, bin width, and acceptance 

gives the number of photons in these diphoton events. 

PT Bin Mean PT du/dPT Stat. Systematic 

(GeV/c) (GeV/c) [pWGeV/c)l (%I (%I 
10-12 11.1 17.5 57 $31 -21 
12-15 13.5 11.6 46 +45 -35 
15-19 17.4 4.2 65 +41 -29 

10-19 13.3 9.6 31 $37 -27 
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Figure 1: a) The efficiency per photon of the diphoton trigger as a function of photon 

transverse energy, measured using electrons from a lower threshold trigger. The arrow 

indicates the smallest photon PT considered in subsequent analysis. b) The number of 

neutral EM clusters (open circles) as a function of isolation compared to a simulation (solid 

histogram) of ‘1 and # mesons in jets opposite a photon, normalized to the data to the 

right of the arrow (predominantly background). The photons (triangles) after background 

subtraction are almost exclusively to the left of the arrow. 
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Figure 2: The diphoton differential cross section as a function of the PT of each pho- 

ton is compared to analytic QCD predictions [6] at next-to-lowest-order (solid) and lowest 

order (dots). Monte Carlo calculations using PYTHIA are shown at lowest order with 

bwmastmhlung (dashed) and without (dot-dash). 
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Figure 3: The correlation of the two photons is shown by the cross section versus a) the 

vector sun of the transverse momenta KT = I& +-&I, b) the PT balance B = P&PTLr 

and c) the azimuthal angular separation A# = q52 - &. Our measurement is compared 

with a Monte Carlo prediction normalized to the data. 
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Figure 4: The mean value of KT versus coUision energy measured in diphoton events at 

CDF, UAI [lo] and WA70 [I] and in high mas.~ d.imuon events at the ISR [ll]. 
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