
Moscow, ICHEP 2006
July 27th, 2006

Jet cross sections and
determination of αs

in ep collisions
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Kinematics of Neutral Current Deep Inelastic Scattering

e+ (k)

e+ (k’)

quark

proton (P)

γ / Z (q=k−k’)

For a givenep centre-of-mass energy,
√

s,
• the (fully) inclusive cross section for

ep → e + X

• can be described bytwo independent
• kinematic variables, e.g.

Q2 = −(k − k′)2

xBj = Q2/(2P · q)

→ Inelasticity variable

y = Q2/(xBjs)
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Jet Production in Neutral Current Deep Inelastic Scattering

• Jet production in neutral
• current deep inelastic
• scattering up toO(αs): α s

α s
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Boson-Gluon Fusion QCD ComptonQuark-Parton Model

• Perturbative QCD calculations of jet cross sections:

dσjet =
∑

a=q,q̄,g

∫
dx fa(x, µ2

F ) dσ̂a(x, αs(µR), µ2
R, µ2

F )

• − fa: parton a density in the proton, determined from experiment; long-distance
• − fa: structure of the target
• − σ̂a: subprocess cross section, calculable in pQCD;short-distance structure of the
• − σ̂a: interaction
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Jet Production in Neutral Current Deep Inelastic Scattering

• In the region where the wealth of data from fixed-target and collider experiments has
• allowed an accurate determination of the proton PDFs,measurements of jet production
• in NC DIS provide

→ a sensitive test of the pQCD predictions of the short-distance structure

→ a determination of the strong coupling constantαs

• To perform a stringent test of the pQCD predictionsand aprecise determination ofαs:
∗ Observables for which the predictions aredirectly proportional to αs

∗ → Jet cross sections in the Breit frame
∗ Small experimental uncertainties→ Jets with relatively high transverse energy
∗ Small theoretical uncertainties→ NLO QCD calculations

∗ → Jet algorithm: longitudinally invariant kT cluster algorithm (Catani et al)

(small parton-to-hadron effects, infrared safe, suppression of beam-remnant jet)
∗ → Jet selection criteria
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High-ET Jet Production in the Breit Frame

• In the Breit frame the virtual boson collides head-on with the proton
• High-ET jet production in the Breit frame

→ suppression of the Born contribution (struck quark has zeroET )
→ suppression of the beam-remnant jet (zeroET )
→ lowest-order non-trivial contributions from γ∗g → qq̄ and γ∗q → qg

⇒ directly sensitive to hard QCD processes (αs)
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photon

proton

virtual
photon
virtual

q
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Inclusive Jet Cross Sections in NC DIS atQ2 > 125 GeV2

• Measurement of the inclusive jet cross sections in
the kinematic region defined byQ2 > 125 GeV2 and
| cos γ| < 0.65 for jets with EB

T,jet > 8 GeV and
−2 < ηB

jet < 1.5 usingL = 81.7 pb−1

→ no cut is applied in the laboratory frame
• Advantages:
→ infrared insensitivity (no dijet cuts!)
→ suited to test resummed calculations
→ smaller theoretical uncertainties than for dijet
• Small experimental uncertainties:
→ jet energy scale (1% for ET,jet > 10 GeV)
→ ⇒∼ ±5% on the cross sections

• Small parton-to-hadron corrections (Chad): < 10%

• NLO QCD calculations (O(α2
s)) usingµR = EB

T,jet, µF = Q and the MRST99
parametrisations of the proton PDFsdescribe the measurements well
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Inclusive Jet Cross Sections in NC DIS atQ2 > 125 GeV2

• Measurement of the inclusive jet cross section
dσ/dEB

T,jet in the kinematic region defined by
Q2 > 125 GeV2 and | cos γ| < 0.65

for jets with EB
T,jet > 8 GeV and−2 < ηB

jet < 1.5

• Small theoretical uncertainties:
→ higher-order terms (> NLO); varying µR between
→ 1

2
· EB

T,jet and 2 · EB
T,jet ⇒ ±5%

→ uncertainty on αs(MZ) (±0.0027); ⇒ ±4%

→ uncertainties on the proton PDFs;⇒ ±3%

• NLO QCD calculations provide a good description of
the data→ validity of the description of the dynamics
of inclusive jet production by pQCD at O(α2

s)

• Inclusive jet cross sections in NC DIS in the Breit frame provide direct sensitivity to αs

• with small experimental and theoretical uncertainties
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Inclusive Jet Cross Sections in NC DIS atQ2 > 150 GeV2
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• Measurement of inclusive jet cross sections in
150 < Q2 < 5000 GeV2 and 0.2 < y < 0.6

for jets with EB
T,jet > 7 GeV and−1 < ηLab

jet < 2.5 usingL = 61.3 pb−1

• The data are well described by NLO QCD calculations (CTEQ5M1) corrected for
• hadronisation (< 10%) within small theoretical uncertainties (onlyµr,f shown)
• and small experimental uncertainties (∼ 5%, hadronic energy scale)
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Inclusive Jet Cross Sections and extraction ofαs(MZ)

• NLO QCD calculations of dσ/dQ2

depend onαs(MZ) through
→ Matrix Elements: σ̂ ∼ A · αs + B · α2

s

→ proton PDFs: αs assumed in evolution
• To take into account thecorrelation

the NLO QCD calculations are performed
usingvarious sets of proton PDFs
which assumedifferent values ofαs

• The resulting NLO QCD calculations
are parametrised as a function ofαs(MZ)

in each region ofQ2 of the measurements
• From the measured value ofdσ/dQ2 in each

region of Q2 the value ofαs(MZ)

and its uncertainty are extracted

dσ/dQ2

(in a givenQ2 range) NLO QCD

measured value

αs(MZ)

0.112 0.117 0.122
MRST994 MRST991 MRST995
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Inclusive Jet Cross Sections and extraction ofαs (ZEUS)

• The inclusive jet cross sectiondσ/dQ2 at
Q2 > 500 GeV2 has been used to extractαs(MZ)

αs(MZ) = 0.1196 ± 0.0011 (stat.)
+0.0025
−0.0019 (exp.)

+0.0017
−0.0029 (th.)

• Precise determination ofαs(MZ)!
• Experimental uncertainties:
→ jet energy scale (1% for ET,jet > 10 GeV)
• Theoretical uncertainties:
→ terms beyond NLO∆αs(MZ) = 1 − 2%

→ uncertainties proton PDFs∆αs(MZ) = 1%

• Consistent with the world average ofαs

• Study of thescale dependence ofαs(E
B
T,jet): from the measureddσ/dEB

T,jet in each
EB

T,jet region → αs(< EB
T,jet >) is extracted

• The measurements are consistent with therunning of αs predicted by perturbative QCD

 ZEUS
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Inclusive Jet Cross Sections and extraction ofαs (H1)
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 from inclusive jet cross sectionsα

H1 preliminary 99-00• A value of αs(MZ) has been extracted
• from each data point ofdσ/dQ2dEt

• and dσ/dEt.

• The results are consistent with the world
• average ofαs(MZ).

• The results obtained fromdσ/dEt are
• used to determineαs(Et) ⇒

• An average is obtained (taking into account the correlations)

αs(MZ) = 0.1197 ± 0.0016 (exp.)
+0.0046
−0.0048 (th.)

⇒ precise determination ofαs(MZ); consistent with the world average
→ theoretical uncertainty dominant (major contributions fr om µr,f variations)

J Terr ón (Madrid) Moscow, ICHEP 2006 July 27th, 2006



Jet cross sections and determination ofαs in ep collisions 12

Dijet and Trijet Cross Sections in NC DIS (150 < Q2 < 15000 GeV2)
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• Measurement of dijet and trijet cross sections over a wide range inQ2 →
150 < Q2 < 15000 GeV2 and 0.2 < y < 0.6 for jets with

Ejet
T (Breit)> 5 GeV, −1 < ηjet(Lab)< 2.5, Mjj > 25 GeV (Mjjj > 25 GeV)

usingL = 65.4 pb−1

• Trijet cross sections test QCD beyond LOdirectly → σ3jet ∝ α2
s

• Comparison with NLO QCD
• calculations:
→ µR = µF = Q

→ CTEQ5M set of proton PDFs
→ parton-to-hadron corrections applied:
→ ∼ 7% (25%) for dijets (trijets)

• NLO QCD gives a good description of
the dataover a wide range inQ2
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Dijet and Trijet Cross Sections in NC DIS (150 < Q2 < 15000 GeV2)
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• Measurement of dijet and trijet cross sections over a wide range inQ2 →
150 < Q2 < 15000 GeV2 and 0.2 < y < 0.6 for jets with

Ejet
T (Breit)> 5 GeV, −1 < ηjet(Lab)< 2.5, Mjj > 25 GeV (Mjjj > 25 GeV)

usingL = 65.4 pb−1

• NLO QCD gives a good description of the dataover a wide range inQ2

• (Z0-exchange effects not included in NLO; significant only for the highestQ2 point)
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Dijet and Trijet Cross Sections in NC DIS (150 < Q2 < 15000 GeV2)
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• Measurement of the ratio of the trijet to dijet cross sectionover a wide range inQ2

→ R3/2 ≡ σtrijet(Q
2)

σdijet(Q2)

• Small experimental uncertainties.
• Small theoretical uncertainties:
→ uncertainties on the proton PDFs
→ higher-order terms (> NLO)
→ (reduced to∼ 5%)

• SinceR3/2 ∝ αs at LO it allows
• a determination of the strong coupling
• constant(in a different way than that based on the inclusive jet crosssections)
• The measured values ofR3/2 have been fitted with NLO QCD calculations to
• extract a combined value ofαs(MZ):

αs(MZ) = 0.1175 ± 0.0017 (stat.) ± 0.0050 (syst.)
+0.0054
−0.0068 (th.)
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αs from Event Shapes in NC DIS (196 < Q2 < 40000 GeV2)
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20 40 60 80 100 120

sα

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Q / GeV

20 40 60 80 100 120

sα

0.08

0.10

0.12

0.14

0.16

0.18

0.20

H1

)+NLL+PC2
sαNLO(

fits to DISTRIBUTIONS
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(msα

Event shapes

Exp. errors only →

• Determination of αs from measurements of event shape distributions in NC DIS
→ kinematic region: 196 < Q2 < 40000 GeV2 and 0.1 < y < 0.7

→ For details see talk by S. Levonian

• Fit to each event shape distribution
• using NLO + NLL + Power Corrections
• ⇒ αs(MZ) and α0

• Average of the results for various event shapes

αs(MZ) = 0.1198 ± 0.0013 (exp.)
+0.0056
−0.0043 (th.)

→ Consistent with jet-based extractions
→ Theoretical uncertainty dominant
• Energy scale dependence ofαs:
→ αs(Q) and α0 extracted for each event
→ shape and each bin inQ
→ Average ofαs(Q) for various event shapes
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Jet-Radius Dependence of Inclusive Jet Cross Sections in NCDIS

• So far, all the measurements of jet production in NC DIS
• with the kT cluster algorithm have been done withthe
• jet radius R = 1

⇒ Smaller values of the jet radiusR are of particular interest for
⇒ the identification of heavy particles decaying into jets
→ NC DIS provides a well understood environment to study
→ the dependence of jet production onR

• New measurements of the inclusive jet cross sections in
the kinematic region defined byQ2 > 125 GeV2 and
| cos γ| < 0.65 for jets with EB

T,jet > 8 GeV and
−2 < ηB

jet < 1.5 usingL = 81.7 pb−1

⇒ for different R values:0.5, 0.7 and 1.0

• NLO QCD calculations (corrected for hadronisation)
• provide a good description of the data
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J Terr ón (Madrid) Moscow, ICHEP 2006 July 27th, 2006



Jet cross sections and determination ofαs in ep collisions 17

Jet-Radius Dependence of Inclusive Jet Cross Sections in NCDIS

• Experimental uncertainties: ∼ 5% (jet energy scale)

• Theoretical uncertainties: higher-order terms (> NLO)
7% at low Q2, below5% for Q2 > 250 GeV2 (R = 1);
for smaller R, it is reduced (increased) at low (high)Q2

• Hadronisation corrections: below5%, 15%, 25% for
• R = 1, 0.7, 0.5 (in the region Q2 > 500 GeV2)

• NLO QCD calculations (O(α2
s)) usingµR = EB

T,jet,
µF = Q and the MRST01 parametrisations of the proton
PDFsdescribe the measurements well for all jet radii
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Jet-Radius Dependence of Inclusive Jet Cross Sections in NCDIS

• NLO QCD calculations corrected for hadronisation effects provide an equally good
• description of themeasureddσ/dEB

T,jet and dσ/dQ2 over a wide range ofEB
T,jet

• and Q2 for R = 0.5, 0.7 and 1

• The measured jet cross section integrated aboveQ2 > 500 GeV2 increases
• linearly with R in the range considered andis well described by the calculations
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Summary

• HERA I has made possibleprecise measurementsof inclusive jet cross sections in NC DIS
→ precise determinations ofαs:

ZEUS, dσ/dQ2, Q2 > 500 GeV2 αs(MZ) = 0.1196+0.0032
−0.0040

H1, dσ/dQ2dEt, Q2 > 150 GeV2 αs(MZ) = 0.1197+0.0049
−0.0051

⇒ Limited by theoretical uncertainties → NNLO calculations will be of great help
→ accuracy comparable to e.g.αs from Γ(Z → hadrons) in e+e−

→ consistent with world average (Bethke, 2006):
→ αs(MZ ) = 0.1189 ± 0.0010

(C. Glasman, hep-ex/0506035)

(to be updated with new measurements!)

• Measurements of multijet production in NC DIS
⇒ alternate method of extractingαs

→ it will benefit from HERA II statistics and NNLO
• New measurements of inclusive jet production
• with smaller jet radius (R = 0.5, 0.7, 1)
→ equally well described by NLO QCD calculations
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