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Outline

• DØ at Tevatron and photon physics

• Inclusive photon cross section

• Inclusive photon + jet cross section

• Inclusive photon + heavy flavour jet cross section

• Double parton interactions in γ + 3 jet events

• Summary
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Fermilab Tevatron Run II

36 × 36 bunches

396 ns bunch crossing

• Run II started in March 2001

• Peak luminosity: 3.5 · 1032 cm−2s−1

• Delivered: > 6.4 fb−1 (Run I: 0.16 fb−1 )

• 8-9 fb−1 expected by end of 2010

Thanks to all colleagues at the Tevatron and DØ for their contributions to this talk
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Run IIb, DØ detector and Layer Zero upgrade

Excellent noise performance:
S/N = 18

10% gain in IP resolution [f (pT )]

25% gain in proper time resolutionImproved charged particle track reconstruction

SMT LØ
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Motivation

Direct photons come unaltered from the hard subprocess
⇒ direct probe of the hard scattering dynamics

◮ Energy calibration of photons is better than for jets

◮ Large statistics

◮ Direct photons are important background to many physics processes

◮ Multi-jet production dominates:
Understanding QCD production mechanism is indispensable
in search for new physics
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Photon identification

Electro-

Magnetic

shower

detection

EM calorimeter

Preshower

• EM shower in calorimeter
→ γ candidate

• Shower profile

• Isolation criteria (geometrical):

- Define R =
√

(∆η)2 + (∆φ)2

- Isol = Etot(R=0.4)−EEM(R=0.2)
EEM(R=0.2) < 0.07

◦ Very low energy in hadronic calorimeter

• No associated track

• ∆R(γ, Jet) > 0.7 (cone jets, R = 0.7)

Background estimation

• Origins: Neutral mesons: π0, η

+ Instrumental: EM jets

• Shower shape (low ET )

• Multi photon preshower hits
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Inclusive isolated photon production
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Cut on ONN > 0.5

pp̄ → γ + X : Event selection

• p
γ
T > 23 GeV (up to 300 GeV), |ηγ | < 0.9

• Isol< 0.10, frac(EM) > 0.95, ONN > 0.5

• ET/ < 0.7pγ
T (cosmics, W →eν)

Main background: jets with large EM fraction

DØ Collab., Phys. Lett. B 639, 151 (2006) L = 380 pb−1

• Neural Net is trained to discriminate
photons from EM jets

• EM shower shape + track pT input to NN
• Tested on Z → ee

• γ purity obtained from fit of NN output
for MC signal and EM jets to data
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Inclusive isolated photon production
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• Plotted: p
γ
T -weighted bin centres

• Large p
γ
⊥ range from 23 to 300 GeV

• BFG photon fragmentation functions

• Compared to JetPhoX (NLO QCD)

Data over theory comparison

• Results consistent with theory

• Systematics (triggers) dominate at lower p
γ
T

• Variation/Shape similar to former observations
(UA2, CDF)

⇒ Suggests more detailed check

Lars Sonnenschein, RWTH Aachen, IIIA Photon + Jets at DØ 8



Prompt photon + jet production

q

Also fragmentation:
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PYTHIA 6.3, CTEQ6.5M

• Inclusive photon + jet cross section
• Fraction of qg → q + γ production

• Dominant production at low p
γ
T (. 120 GeV)

through Compton scattering: qg → q + γ

• Probe PDF’s at low x (down to x ≃ 0.007)

- where quarks are constrained by HERA data

⇒ sensitive to gluon density

• Test of NLO pQCD

- soft gluon resummation

- models of gluon radiation
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Inclusive photon + jet production
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DØ Collab., Phys. Lett. B 666, 435 (2008) L = 1.0 fb−1

?

Cut on ONN > 0.7

pp̄ → γ+jet+X : Event selection

• p
γ
T > 30 GeV (up to 400 GeV), |yγ | < 1.0

• Isol< 0.07, frac(EM) > 0.96, ONN > 0.7

• ET/ < 12.5 GeV + 0.36pγ
T (cosmics, W →eν)

• p
jet
T > 15 GeV

• |y jet| < 0.8 (central), 1.5 < |y jet| < 2.5 (forward)

4 regions: yγ · y jet ≶ 0, central and forward jets
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Inclusive photon + jet production
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Triple differential cross section

• Plotted: p
γ
T -weighted bin centres

• Analytical unfolding for
detector resolution

• Cross section results shown with
stat. + sys. uncertainties

• Theory: NLO QCD from JETPHOX with CTEQ 6.5M PDF’s and µr = µF = µf = p
γ
T · f (y∗),

f (y∗) =
√

1
2 (1 + exp(−2y∗)), y∗ = 1

2(yγ − y jet), suggested scale choice by JetPhoX authors
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Inclusive photon + jet production
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7.8% is overall normalization uncertainty
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Data over theory comparison

• Theory does not
describe shape of data
in whole measured range

• Deviation for central
jets at p

γ
T > 100 GeV

• Deviation for forward
jets (yγ · y jet > 0)
at p

γ
T < 50 GeV

• Structure similar to
previous observations
of UA2, CDF and DØ
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Inclusive photon + jet production
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Cross section ratios of different regions
• Cross section ratio vs
p

γ
T : reduced systematics

• Shapes of measured
cross section ratios
in data qualitatively
reproduced by theory
in general

• But quantitative
disagreement for some
kinematic regions,
in particular central jets
over same rapidity side
forward jets
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Inclusive photon + heavy flavour jet production

HF-jetP
2 4 6 8 10 12

E
ve

n
ts

0

50

100

150

200

250

300

350

data
b jets 
c jets 
light jets 
b + c + light jets

-1 = 1.0 fb
int

DØ, L

 < 70 GeV
γ

T
50 < p

DØ Collab., accepted PRL, FERMILAB-PUB-08-582-E L = 1.0 fb−1

b, c

b, c

• Outgoing = incoming quark flavour

• QCD Compton dominates for b (c)

up to p
γ
T ∼ 120 (90) GeV

• ⇒ Constraints on HF PDF’s
��:

XXz���
XXX

b, c

b̄, c̄

Dominates
at large p

γ
T

pp̄ → γ + b, c jet: Event selection

•pγ
T > 30 GeV (up to 150 GeV), |yγ | < 1.0

• Isol< 0.07, frac(EM) > 0.96, ONN(γ) > 0.7

• ET/ < 0.7pγ
T (cosmics, W →eν)

• p
jet
T > 15 GeV, |y jet| < 0.8, (Rjets = 0.5)

• Leading jet: NTrack ≥ 2, ONN(HF) > 0.85

2 regions: yγ · y jet > 0, yγ · y jet < 0

• Fitting PHF-jet = − ln
∏

i Probi
track templates of

b, c (MC) and light jets (data) to shape of data
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Inclusive photon + heavy flavour jet production
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Data over theory comparisonTriple differential cross section

• Plotted: p
γ
T -weighted bin centres

• PHF−jet fit in each bin

• For γ + b + X and γ + c + X

• In two regions yγ · y jet > 0
and yγ · y jet < 0

No agreement for γ + c jet at p
γ
T > 70 GeV
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Double parton scattering in γ + 3 jet events

New: DØ Collab., prelim., DØ note 5910-CONF L = 1.0 fb−1

SP
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γ
T

p

jet3

T
p

jet2

T
p

jet1

T
p

jet1

T
p jet1

T
p

jet1

T
p

γ
T

p
γ
T

p

γ
T

p

jet3

T
p

jet3

T
pjet3

T
p

jet2

T
p

jet2

T
p

jet2

T
p

(a)

(b) (c) (d)

Main background:

Single parton scattering

Signal:

Double
parton
scattering

• Complementary information about proton structure: Spatial distribution of partons

⇒ Possible parton-parton correlations. Impact on PDF’s?

• Background in signal events (important for rare processes)

• Especially important at high luminosities (additional pp̄ interactions)

σDP = m · σA · σB

2σeff

σA, σB : cross sections of processes A, B

σeff : characterising size of effective interaction region
σB/2σeff : prob. of 2nd interaction, given 1st one

(m = 2(1) when A and B are (not) distinguishable)

Event selection:

• 60 < p
γ
T < 80 GeV

• Isolated

• p
1st jet
T > 25 GeV

• p
2nd, 3rd jet
T > 15 GeV
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Double parton scattering in γ + 3 jet events
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Discriminating variables
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2

√

(

∆φ(γ,i)
δφ(γ,i)

)2
+

(

∆φ(j ,k)
δφ(j ,k)

)2

SpT
= 1√

2

√

(

| ~PT (γ,i)|
δPT (γ,i)

)2
+

(

| ~PT (j ,k)|
δPT (j ,k)

)2

∆S = ∆φ(pγ, jet
T , pjeti , jetk

T )

Computed for pair with minimum S

• Measurements in three bins of 2nd jet pT :
15-20, 20-25 and 25-30 GeV

• Using data driven techniques (diff. pT spectra)

PYTHIA ∆S prediction

15 < p
2nd jet
T

< 20

DP enriched

20 < p
2nd jet
T

< 25

DP depleted

DP prediction SP prediction
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Double parton scattering in γ + 3 jet events
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• Measured DP fractions drop from 0.47 ± 0.04 at 15 < p
2nd jet
T < 20

to 0.23 ± 0.03 at 25 < p
2nd jet
T < 30

• Effective cross section varies for same bins from 16.2 ± 2.8 mb to 11.5 ± 4.7 mb

and agree for all jet pT bins within uncertainties

• Negligible bin-to-bin correlations

• Average over three pT bins: < σeff >= 15.1 ± 1.9 mb

• Good agreement with previous CDF measurements in 4 jet and γ + 3 jet events
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Summary

• Tevatron and DØ are performing well (CDF too)

• Inclusive photon production measured
◦ Double differential cross section d3σ

dp
γ

T
dηγ

◦ Data/theory variation/shape starts to emerge

• Photon plus jet production measured
◦ Triple differential cross section d3σ

dp
γ

T
dyγdy jet in 4 regions and ratios

◦ Deviation from theory, structure similar to previous observations
of UA2, CDF, DØ

• γ+ HF jet production measured
◦ γ + b production in agreement with theory
◦ γ + c production does not agree with theory at p

γ
T > 70 GeV

• Double parton interactions in γ + 3 jet events measured
◦ In three p

2nd jet
T bins, < σeff >= 15.1 ± 1.9 mb

◦ Good agreement with previous CDF measurements
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Appendix

• Backup slides
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Inclusive photon + jet production
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Inclusive photon + jet production
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Inclusive photon + jet production
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Double parton scattering in γ + 3 jet events
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Double parton scattering in γ + 3 jet events
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