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Jets
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What is a jet?

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T ime   20716                                  

 Ebeam 45 . 658  Ev i s   99 . 9  Emi ss   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               

 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k (N=  39  Sump=  73 . 3 )  Eca l (N=  25  SumE=  32 . 6 )  Hca l (N=22  SumE=  22 . 6 )  

Muon (N=   0 )  Sec  V t x (N=  3 )  Fde t (N=  0  SumE=   0 . 0 )  

e+e− → jet + jet (e+e− annihilation)

J Terr ón (Madrid) G öttingen, HASCO2014 July 21st, 2014



QCD and jets: experiment 4

What is a jet (II)?

pp̄ → jet + jet + Anything (pp̄ collision)

pseudorapidity: η = −ln[tan(θ/2)]

θ(η): 0o (+∞), 5o (3.13),90o (0)
175o (-3.13),180o (−∞)
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What is a jet (III)?

ep → e + jet + Anything (NC DIS)
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What is a jet (IV)?

ep → jet + jet + Anything (photoproduction)
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What is a jet (V)? pp → jet + jet + Anything
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What is a jet (VI)? pp → jet + jet + Anything
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Some good reasons to study jets
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• Studies of the strong interactions:
→ measurements of the strong coupling constant (αS)
→ colour dynamics (e.g. the self-coupling of the gluon)
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Some good reasons to study jets (II)
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• Study of and search for new heavy particles:
→ measurements of top quark production
→ search for excited quarks
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Some good reasons to study jets (III)
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• Search for new heavy particles:
→ new particles decaying to jets
→ Higgs Boson
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Jet Algorithms
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How to find jets?

• To reconstruct the final-state quarks and gluons
→ Something more sophisticated than a bucket is needed!

⇒ JET ALGORITHM

→ MEASURABLE!

→ CALCULABLE!

→ ACCURATE!

• Jet algorithm:

→ Reference frame

→ Variables of the hadron

→ Combining hadrons
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Variables for Jet Search ine+e− annihilations

e+

e-

hadrons

photon

 
-q

q

e+ e-

hadrons

• e+e− annihilations in the centre-of-mass system
• Invariance under rotations ⇒ Energies and angles

⇒ Input to the jet algorithm:Ei, θi andφi for every hadroni

⇒ “distance” between hadronsi andj: their angular separationθij
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Combining the hadrons to build up jets: cluster algorithms
M

ade on 1-O
ct-1993 10:56:54 by D

R
E

V
E

R
M

A
N

N
 w

ith D
A

L
I_D

1.

DALI                                                                                                      
                                                                                                          

Run=15768   Evt=5906    ALEPH• Hadrons are combined iteratively
according to their “distance”

• Usually a binary decision
• Two-step procedure:

→ decision about combining
hadrons i and j based ondij

→ momentum of the combined
pseudo-particle (ij)
(recombination procedure)

• They have a long and successful history ine+e− annihilations
• The JADE algorithm has been the standard

→ distance definition: d2
ij = 2EiEj(1 − cos θij)

→ recombination procedure: p(ij) ≡ pi + pj
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Combining the hadrons to build up jets: cone algorithms

294.2

• Maximizing the total transverse
energy of the hadrons within
a cone of fixed size

• Three-step procedure:
→ constructing the seeds

(starting positions for the cone)
→ moving the cone around

until a stable position is found
→ dealing with overlapping cones

(to merge or not to merge)

• They have been applied mainly topp̄ collisions
• The iterative cone algorithm has been the standard

→ distance definition: diJ ≡
√

(ηi − ηJ)2 + (φi − φJ)2

→ cone axis:ηJ ≡ 1
ET

∑

i ET,i · ηi, φJ ≡ 1
ET

∑

i ET,i · φi, ET =
∑

i Et,i
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Requirements on a jet algorithm

Hadronisation

q

π+

π−

q

π−

Κ +

+
Κ

−
Κ

π−

φ

(soft)

π+
Κ−

q
g

q g (soft)

collinear splitting soft-gluon radiation

(divergence!) (divergence!)

MEASURABLE, CALCULABLE, ACCURATE

→ Simple to use in experimental analyses
and theoretical calculations

→ Insensitive to the presence of soft
particles or particle (strong) decays
→ infrared and collinear safe,

so that it can be calculated
order-by-order in perturbative QCD

→ Close correspondence with the final
state quarks and gluons
→ small hadronisation corrections

→ Suppression of beam remnant
jet contributions
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Fulfilling the requirements

q- q-

q-

q
g

q g (soft)

collinear splitting
(divergence!)

soft-gluon radiation

(divergence!)

q

• The JADE algorithm is infrared and collinear safe
→ First situation: two particles (partons)

with equal and opposite momenta
d2
12 = 4E1(q̄)E2(q) = scm

For d2
cut < scm ⇒ Two jets

→ Second situation: three particles (partons)
the two collinear partons will be combined
d2
2′3′ = 2E′

2(q)E
′
3(g)(1 − cos 0) = 0 !!

p(2′3′) = p′
2 + p′

3 = p2 !! (it wouldn’t be the case if thep were added quadratically)
d2
1(2′3′) = 4E1(q̄)E(2′3′)(qg) = scm and for d2

cut < scm ⇒ Two jets
→ Third situation : the soft gluon will be combined with the closest (in angle) quark

e.g.d2
2′3′ = 2E′

2(q)E
′
3(g)(1 − cos θ2′3′) < 2E1(q̄)E

′
3(g)(1 − cos θ13′)

p(2′3′) = p′
2 + p′

3 = p2 !!
d2
1(2′3′) = 4E1(q̄)E(2′3′)(qg) = scm and for d2

cut < scm ⇒ Two jets

• The final result is the same in each configuration!
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Fulfilling the requirements (II)

q- q-

q-

q
g

q g (soft)

collinear splitting
(divergence!)

soft-gluon radiation

(divergence!)

q

• The cone algorithm is infrared and collinear safe at NLO
→ First situation: two particles (partons)

with equal and opposite momenta
Each of them defines a cone⇒ Two jets

→ Second situation: three particles (partons)
the two collinear partons will lie in the same cone
⇒ Two jets

→ Third situation : if the soft gluon is far from the other partons (
√

∆η2 + ∆φ2 > R)
it won’t be lumped with any of them
⇒ Two jets
The jet axes and transverse energies will differ from the thevalues found in the 1st or
2nd situation by a quantity that → 0 asE(g) → 0!

• The final result is the same in each configuration!
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Jets ine+e− collisions
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Observation of jets ine+e− collisions
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Observation of jets ine+e− collisions
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Observation of gluon jets ine+e− collisions
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Observation of gluon jets ine+e− collisions
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Observation of gluon jets ine+e− collisions
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Jet rates ine+e− collisions
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Theoretical Uncertainties

q
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q
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q
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q
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γ γ γ

+

LOWEST ORDER                   NEXT-TO-LOWEST ORDER

g

(HIGHER ORDERS)

• Being collinear and infrared safe
does NOT mean small theoretical uncertainties

• Perturbative QCD calculations are
performed to a certain order in αS

→ the size of higher-order contributions constrains theaccuracywith
which (e.g.)αS can be experimentally determined

• The size of the higher-order contributions DEPENDS on the jet algorithm

• How can higher-order effects be estimated without computing them?

→ by investigating the renormalisation-scale dependence (µR)

A = A1 · αS(µR) + A2 · α2
S(µR) + ...(higher orders)

At all orders A does NOT depend onµR

⇒ The size of the “. . . ” is such that it cancels theµR variation of the first two terms
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Theoretical Uncertainties (II)

• NLO calculations for three-jet production in
e+e−: → variation with µR to asses
the size of higher-order contributions

→ Performance of various jet algorithms:
variation of the observablef3 over
the range0.1 < µR/MZ < 1.0

• JADE algorithm: 15%

• Durham algorithm: 8%

• Geneva algorithm: 3%

• The Durham and Geneva jet algorithms were
specifically designedfor the purpose of reducing
the higher-order contributions upon identifying
the limitations of the JADE algorithm
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Improving the jet algorithm

  

  

q

q

-

soft gluon soft gluon

Jet
Jet

Phantom Jet

• The limitation of the JADE algorithm:
→ soft gluons are copiously radiated
→ but soft gluons far apart can be

combined into and a“phantom” jet
• This peculiar behaviour arises from the definition of “distance” in the JADE algorithm:

d2
ij = 2EiEj(1 − cos θij) ⇒ two soft gluons can be very close “dgg ≪ dgq”

• An improved definition of the distance:

d2
ij = 2 · min(E2

i , E
2
j ) · (1 − cos θij)

which amounts to replacing the invariant mass
→ by the minimum relative kT of the pair

⇒ Durham (or kT ) algorithm
→ it also allows the resummation of

contributions from multiple-soft-gluon emissions

kT

θ ij

Ei

E j
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Hadronisation Effects

Jets of
Hadrons

  

Jets of Partons

q
-

q

γ
g

• Being collinear and infrared safe
does NOT mean small hadronisation uncertainties

• Parton-to-Hadron (hadronisation) effects are
non-perturbative and are estimated with
Monte Carlo simulations that include

→ q and g radiation in the parton-shower approach

→ fragmentation of the final-state partons into hadrons

• The size of the hadronisation effects DEPENDS on the jet algorithm

• They are estimated by comparing the results of applying the jet
algorithm to the parton and hadron levels of the Monte Carlo
simulated events
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Hadronisation Effects (II)

• Jet rates ine+e− annihilations
as functions of the resolution parameterycut

• Comparison of hadron and parton level
calculations using Monte Carlo simulations

• The size of the hadronisation effects depends upon
→ the distance definition
→ the recombination procedure

• The hadronisation effects are LARGEST for
→ the JADE algorithm with the E scheme

(pij = pi + pj)
→ the Geneva algorithm

• The hadronisation effects are SMALLEST for
→ the JADE algorithm with the E0 scheme

(Eij = Ei + Ej , ~pij =
Eij

|~pi+~pj|(~pi + ~pj |))
→ the Durham algorithm

J Terr ón (Madrid) G öttingen, HASCO2014 July 21st, 2014



QCD and jets: experiment 32

Importance of the details of the jet algorithms

• The “details” of a jet algorithm are RELEVANT for
→ precise comparisons between DATA and THEORY to make accurate determinations

of the fundamental parameters (e.g.αS(MZ))
→ precise identification and reconstruction of new heavy particles

• The decision on which algorithm to choose must be based on thesize of the uncertainties
→ higher-order contributions
→ hadronisation corrections
→ hadronisation uncertainties
→ experimental uncertainties
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Determination of αs(MZ) in e+e− collisions
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Determination of the spin of the gluon ine+e− collisions

J Terr ón (Madrid) G öttingen, HASCO2014 July 21st, 2014



QCD and jets: experiment 35

Triple-gluon vertex
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Four-jet events ine+e−: triple-gluon vertex
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Four-jet events ine+e−: triple-gluon vertex
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Do the data favour an abelian or a non-abelian theory?
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Four-jet events ine+e−: color factors
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Measurements ofαs

Determinations ofαs(MZ)

in e+e− using measurements of
event shapes and jet rates for which
NNLO calculations are available

Determinations ofαs(Q)

→ test of the running
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Structure Functions
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Universality (and usefulness) of Proton PDFs

σpp→H(W,Z,...)+X =
∑

a,b

∫ 1

0

dx1 fa/p(x1, µ
2
F )

∫ 1

0

dx2 fb/p(x2, µ
2
F ) σ̂ab→H(W,Z,...)

proton

proton g

g

Higgs

proton

proton

q−

Wq’

σH sensitive to gluon
distribution at
x ∼ MH√

s
∼ 8 · 10−3

andµ2
F ∼ M2

H ∼
∼ 13000 GeV2;
∆σPDF

H /σH ∼ ±3%

(for MH = 115 GeV)

σW sensitive to sea
distribution at
x ∼ MW√

s
∼ 6 · 10−3

andµ2
F ∼ M2

W ∼ 6400 GeV2; ∆σPDF
W /σW ∼ ±3%
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Kinematics of Neutral Current Deep Inelastic Scattering

σep→e+X =
∑

a

∫ 1

0

dx1 fa/p(x1, µ
2
F ) σ̂ea→ea

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)
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Neutral Current Deep Inelastic Scattering

• Neutral Current DIS event candidate
Q2 ∼ 24000 GeV2 andxBj ∼ 0.5

• Coverage of kinematic plane (Q2,xBj)

y=
1 

(H
ERA √s

=3
20

 G
eV

)

x

Q
2  (

G
eV

2 )

E665, SLAC

CCFR, NMC, BCDMS,

Fixed Target Experiments:

ZEUS

H1
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10 2
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-3

10
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azimuth η
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Neutral Current Deep Inelastic Scattering

• Inclusive processe±p → e± + X
dσ(e±p)

dxdQ2
= 2πα2

xQ4
· ( Y+ · F2(x,Q

2) −y2 · FL(x,Q
2) ∓Y

−
· xF3(x,Q

2) )
Dominant High y High Q2

whereY± = 1 ± (1 − y)2 and y = Q2/(sx) (inelasticity parameter)

• Structure functions of the proton (F2, FL, F3 ) and QCD

• → F2 ∼ x
∑

i e
2
i
· (qi(x,Q

2) + q̄i(x,Q
2)) for Q2 ≪ M2

Z

• → the longitudinal structure function FL = 0 in the quark-parton model
• → parity-violating term F3 is small for Q2 ≪ M2

Z

α s

α s

p

q

e

q

q
p

e

q

p

e

q g

q
g

g(x)q q

e’

γ /Z

e’ e’

γ /ZZγ /

Boson-Gluon Fusion QCD ComptonQuark-Parton Model

Clean probe of the
Parton Distribution
Functions in the Proton
qi(x,Q

2), q̄i(x,Q2)
g(x,Q2)
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Determination of F em
2 (x,Q2)

HERA F2

0

1

2 Q2=2.7 GeV2 3.5 GeV2 4.5 GeV2 6.5 GeV2

0

1

2 8.5 GeV2 10 GeV2 12 GeV2 15 GeV2

0

1

2 18 GeV2

F
2 em

22 GeV2 27 GeV2 35 GeV2

0

1

2 45 GeV2 60 GeV2

10
-3

1

70 GeV2

10
-3

1

90 GeV2

0

1

2

10
-3

1

120 GeV2

10
-3

1

150 GeV2

x

ZEUS NLO QCD fit

H1 PDF 2000 fit

H1 96/97
ZEUS 96/97

BCDMS
E665
NMC

• Measurement of the doubly-differential cross
• sectiondσ(e+p)/dxdQ2 for the reaction
• e+p → e+ + X over a large range
• 2.7 < Q2 < 30000 GeV2, 6 · 10−5 < x < 0.65

• Extraction of F em
2 (x,Q2) from the reduced cross

• section (corrected for QED effects):
• σ̃(e+p) = (2πα2Y+/xQ4)−1dσBorn/dxdQ

2

• F2 = F em
2 + F int

2 · ηγZ + Fwk
2 · η2

γZ

•= F em
2 (1 + ∆F2

)

• whereηγZ = Q2/(Q2 + M2
Z)

•⇒ σ̃(e+p) = F em
2 (1 + ∆F2

+ ∆F3
+ ∆FL

)

• Typical precision 2-3%
→ systematic uncertainties dominateQ2 < 800 GeV2

• Striking rise of F em
2 asx decreases
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F em
2 (x,Q2) provides...

HERA F2

0
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4

5
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5

F
2 em

-lo
g 10

(x
)

Q2(GeV2)

ZEUS NLO QCD fit

H1 PDF 2000 fit

H1 94-00

H1 (prel.) 99/00

ZEUS 96/97

BCDMS

E665

NMC

x=6.32E-5x=0.000102
x=0.000161

x=0.000253

x=0.0004
x=0.0005

x=0.000632
x=0.0008

x=0.0013

x=0.0021

x=0.0032

x=0.005

x=0.008

x=0.013

x=0.021

x=0.032

x=0.05

x=0.08

x=0.13

x=0.18

x=0.25

x=0.4

x=0.65

→ direct information on quark densities
•→ F2 ∼ x

∑

i e
2
i · (qi + q̄i)

→ indirect information on gluon density
• Large and positive scaling violations at lowx
• dominance of BGF
• ∂F2/∂ lnQ2 ∼ αs · xg

α sp

q

e

q

q

g

g(x)

e’

Zγ /

Boson−Gluon Fusion

• Aproximate scaling for x ∼ 0.1

• Mild and negative scaling violations at highx

α s

p

e

q g

q

q

e’

γ /Z

QCD Compton

J Terr ón (Madrid) G öttingen, HASCO2014 July 21st, 2014



QCD and jets: experiment 48

Determination of the Parton Distribution Functions in the Proton

• In order to determine the proton PDFs additional experimental information is needed on
•→ quark densities at highx
•→ flavour composition of the sea
• Additional data sets
•→ F2 data onµp scattering from BCDMS, NMC and E665⇒ mid/high-x
•→ Deuterium-target data from NMC and E665⇒ ū, d̄

•→ NMC data on the ratio FD
2 /F p

2 ⇒ high-x d/u

•→ xF3 data from CCFR (ν-Fe interactions)⇒ high-x

• Global analysis using DGLAP evolution equations at next-to-leading order (NLO) in αs

∂qi(x,µ
2)

∂ lnµ2
= αs(µ2)

2π

∫ 1

x

dz

z
(
∑

j Pqiqj ·qj(x/z, µ
2) +Pqig· g(x/z, µ2) )

∂g(x,µ2)

∂ lnµ2
= αs(µ2)

2π

∫ 1

x

dz

z
(
∑

j Pgqj ·qj(x/z, µ
2) +Pgg· g(x/z, µ2) )

The DGLAP equations yield the proton PDFs at any value ofQ2 provided they are input
as functions ofx at some input scaleQ2

0

→ number sum rules and the momentum sum rule are imposed
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Determination of the Parton Distribution Functions in the Proton
ZEUS
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(a)

ZEUS NLO QCD fit

αs(MZ
2) = 0.118

tot. error

uncorr. error

Q2=10 GeV2

xuv

xdv

xg(× 0.05)

xS(× 0.05)

x

xf

u = uV + usea

d = dV + dsea

ū = ūsea

d̄ = d̄sea

s = ssea = s̄sea

S = total sea
Heavy quarks:
variable-flavour-
number scheme

Fit of ZEUS data and fixed-target data in the region
2.5 < Q2 < 30000 GeV2, 6.3 · 10−5 < x < 0.65
andW 2 > 20 GeV2 (1263 data points)
Full account of correlated exp. uncertainties
→ Good description of Struct. Func. data
⇒ Determination of proton PDFs
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Determination of the Sea Distribution
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• The total sea distributionxS(x,Q2) as a function
• of x for different Q2 values⇒
• Its uncertainty is below∼ 5% for Q2 > 2.5 GeV2

• and 10−4 < x < 0.1
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Determination of the Gluon Distribution
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• The gluon distribution xg(x,Q2) as a function
• of x for different Q2 values⇒
• Its uncertainty is ∼ 10% for Q2 ∼ 20 GeV2

• and 10−4 < x < 0.1

•→ the uncertainty decreases asQ2 increases

Determination of αs

• Inclusion of low-x data allows a simultaneous
• (and precise) determination of PDFs andαs:

αs(MZ) = 0.1166 ± 0.0008(uncorr)

±0.0032(corr) ± 0.0036(norm)

±0.0018(model)⇒ 0.1166 ± 0.0052

(+theor. unc. due to terms beyond NLO∼ ±0.004)
• Consistent with world average (Bethke, 2011):
•→ αs(MZ) = 0.1184 ± 0.0007
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Universality (and usefulness) of Proton PDFs

σpp→H(W,Z,...)+X =
∑

a,b

∫ 1

0

dx1 fa/p(x1, µ
2
F )

∫ 1

0

dx2 fb/p(x2, µ
2
F ) σ̂ab→H(W,Z,...)

proton

proton g

g

Higgs

proton

proton

q−

Wq’

σH sensitive to gluon
distribution at
x ∼ MH√

s
∼ 8 · 10−3

andµ2
F ∼ M2

H ∼
∼ 13000 GeV2;
∆σPDF

H /σH ∼ ±3%

(for MH = 115 GeV)

σW sensitive to sea
distribution at
x ∼ MW√

s
∼ 6 · 10−3

andµ2
F ∼ M2

W ∼ 6400 GeV2; ∆σPDF
W /σW ∼ ±3%
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Structure Functions (II)
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Charged Current Deep Inelastic Scattering

proton

e+
ν−

W
(k)

(k’)

(q)

(p)

• Charged Current DIS event candidate
Q2 ∼ 1200 GeV2 andxBj ∼ 0.06

jet

azimuth η
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Charged Current Deep Inelastic Scattering

10
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10
3

10
4

HERA

H1 e+p CC 94-00

H1 e-p CC

ZEUS e+p CC 99-00

ZEUS e-p CC 98-99

SM e+p CC (CTEQ6D)

SM e-p CC (CTEQ6D)

y < 0.9

Q2 (GeV2)

d
σ/

d
Q

2  (
p

b
/G

eV
2 )

• Measurements of the differential cross section
• dσ/dQ2 in Charged Current DIS e±p

• ep → ν + X

• Cross-section formulae in LO QCD

dσ(e+p)
dxdQ2 =

G2
F

2π
η2
W · ∑i(ūi + (1 − y)2di)

dσ(e−p)
dxdQ2 =

G2
F

2π
η2
W · ∑i(ui + (1 − y)2d̄i)

• whereηW = M2
W /(Q2 + M2

W )

⇒W -Propagator effects
⇒ flavour selection:

⇒ d (u)-quark contributes only to e+p (e−p)

• Good description by Standard Model Predictions
• up to the highestQ2 ∼ 30000 GeV2

J Terr ón (Madrid) G öttingen, HASCO2014 July 21st, 2014



QCD and jets: experiment 56

Neutral Current Deep Inelastic Scattering
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HERA

H1 e+p NC 94-00

H1 e-p NC

ZEUS e+p NC 99-00

ZEUS e-p NC 98-99

SM e+p NC (CTEQ6D)

SM e-p NC (CTEQ6D)

y < 0.9

Q2 (GeV2)

d
σ/

d
Q

2  (
p

b
/G

eV
2 )

• Measurements of the differential cross section
• dσ/dQ2 in Neutral Current DIS e±p

• ep → e + X

• Cross-section formulae in LO QCD

dσ(e±p)
dxdQ2 = 2πα2

xQ4 · (Y+ · F2(x,Q
2)−

−y2 · FL(x,Q
2)∓Y− · xF3(x,Q

2))

• F2 = F em
2 + F int

2 · ηγZ + Fwk
2 · η2

γZ

• whereηγZ = Q2/(Q2 + M2
Z)

⇒ Z-Propagator effects
⇒ Parity-violating term ( F3) changes sign

• Good description by Standard Model Predictions
• up to the highestQ2 ∼ 40000 GeV2
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Neutral vs Charged Current Deep Inelastic Scattering
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HERA

H1 e+p CC 94-00

H1 e-p CC

ZEUS e+p CC 99-00

ZEUS e-p CC 98-99

SM e+p CC (CTEQ6D)

SM e-p CC (CTEQ6D)

H1 e+p NC 94-00

H1 e-p NC

ZEUS e+p NC 99-00

ZEUS e-p NC 98-99

SM e+p NC (CTEQ6D)

SM e-p NC (CTEQ6D)

y < 0.9

Q2 (GeV2)

d
σ/

d
Q

2  (
p

b
/G

eV
2 )

• Measurements of the differential cross section
• dσ/dQ2 in Neutral Current DIS e±p

dσ(e±p)
dxdQ2 = 2πα2

xQ4 · (Y+ · F2(x,Q
2)−

−y2 · FL(x,Q
2)∓Y− · xF3(x,Q

2))

• F2 = F em
2 + F int

2 · ηγZ + Fwk
2 · η2

γZ

• whereηγZ = Q2/(Q2 + M2
Z)

• and Charged Current DIS e±p

dσ(e+p)
dxdQ2 =

G2
F

2π
η2
W · ∑i(ūi + (1 − y)2di)

dσ(e−p)
dxdQ2 =

G2
F

2π
η2
W · ∑i(ui + (1 − y)2d̄i)

• whereηW = M2
W /(Q2 + M2

W )

• NC and CC DIS cross sections have comparable magnitudes
• at Q2 ∼ M2

W ∼ M2
Z ∼ 104 GeV2 ⇒ Direct observation of electroweak unification

Neutral Current

Charged
Current
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Charged Current Deep Inelastice+p Scattering

0.5
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-1

0.05

0.1

0.15

0.2

10
-2

10
-1

10
-2

10
-1

HERA e+p Charged Current

Q2 = 280 GeV2

σ∼

H1 e+p 94-00

ZEUS e+p 99-00

SM  e+p (CTEQ6D)
(1-y)2x (d+s)
x (u

_
+c

_
)

Q2 = 530 GeV2 Q2 = 950 GeV2

Q2 = 1700 GeV2 Q2 = 3000 GeV2 Q2 = 5300 GeV2

Q2 = 9500 GeV2 Q2 = 17000 GeV2

x

• Measurement of the reduced cross section
• in CC DIS:

• σ̃(e+p) = (G2
Fη

2
W /2πx)−1dσBorn/dxdQ

2

→ Sensitivity to flavour composition
σ̃(e+p) = x(ū + c̄+(1 − y)2(d + s))

→ Sensitivity to valence quarks
σ̃(e+p) → x(1 − y)2dV (high-x)

• Good description by SM predictions based
• on CTEQ6 parametrizations of PDFs
→ valence quarks and flavour composition
→ determined from fixed-target data
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Charged Current Deep Inelastice−p Scattering
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HERA e-p Charged Current

Q2 = 280 GeV2

σ∼

H1 e-p

ZEUS e-p 98-99

SM e-p (CTEQ6D)
x (u+c)
(1-y)2x (d

_
+s

_
)

Q2 = 530 GeV2 Q2 = 950 GeV2

Q2 = 1700 GeV2 Q2 = 3000 GeV2 Q2 = 5300 GeV2

Q2 = 9500 GeV2 Q2 = 17000 GeV2 Q2 = 30000 GeV2

x

• Measurement of the reduced cross section
• in CC DIS:

• σ̃(e−p) = (G2
Fη

2
W /2πx)−1dσBorn/dxdQ

2

→ Sensitivity to flavour composition
σ̃(e−p) = x(u + c+(1 − y)2(d̄ + s̄))

→ Sensitivity to valence quarks
σ̃(e−p) → xuV (high-x)

• Good description by SM predictions based
• on CTEQ6 parametrizations of PDFs
→ valence quarks and flavour composition
→ determined from fixed-target data
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Determination of the Proton PDFs with ZEUS data alone
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• Fit of ZEUS-only data: NC DIS e±p and CC DIS e±p in the region
• 2.5 < Q2 < 30000 GeV2, 6.3 · 10−5 < x < 0.65 and W 2 > 20 GeV2

• using DGLAP evolution equations at NLO:→ xuV , xdV , xS, xg
• (no HERA information on flavour composition of the sea:flavour-averaged sea)

⇒ Good description of Structure Function data(577 data points)
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Determination of the Proton PDFs with ZEUS data alone

 ZEUS-JETS (prel.) 94-00
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• xuV , xdV : precision competitive with global fits
→ free from uncert. due to nuclear corrections and higher-twist effects
• xS, xg: as precise as in global fits (HERA data are crucial)
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Jets in NC DIS
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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

p

q

e

q

q
p

e

q

p

e

q g

q
g

g(x)q q

e’

γ /Z

e’ e’

γ /ZZγ /

Boson-Gluon Fusion QCD ComptonQuark-Parton Model

• Perturbative QCD calculations of jet cross sections:

σjet =
∑

a=q,q̄,g

∫

dx fa(x, µ
2
F ) σ̂a(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)

proton

photon
virtual

proton

photon

proton

virtual
photon
virtual

q

e+

e+

g

QCD COMPTON

αs
αs

BOSON−GLUON FUSION

_
q

q

e+

e+

e+

e+

q

BORN PROCESS

REMNANT
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Variables for Jet Search ine+e− annihilations

e+

e-

hadrons

photon

 
-q

q

e+ e-

hadrons

• e+e− annihilations in the centre-of-mass system
• Invariance under rotations ⇒ Energies and angles

⇒ Input to the jet algorithm:Ei, θi andφi for every hadroni

⇒ “distance” between hadronsi andj: their angular separationθij
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Variables for Jet Search inpp̄ collisions

hadrons
p

-p

q

q

q

q

g

p p

hadrons

  -

• pp̄ collisions in thecentre-of-mass system
• However the initial-state parton-parton system is NOT at rest!
depending upon the momentum fractions,xp andxp̄, wrt the parent hadrons
⇒ the final-state partonic systemis BOOSTED along the beam axis
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Variables for Jet Search inpp̄ collisions (II)

• Angular separations are NOT invariant under boosts!
⇒ a given set of hadrons will be appear more collimated depending upon the boost
• To treat on equal footing all possible final-state hadronic systems

invariance under longitudinal boosts⇒ transverse energy, pseudorapidity∗ and azimuthal angle

A
zi

m
ut

ha
l A

ng
le

0

360

180

Pseudorapidity

0-3 +3

BOOST 

A
zi

m
ut

ha
l A

ng
le

0

360

180

Pseudorapidity

0-3 +3

Under a boost:

η′ = η + f(xp, xp̄)

⇒ the difference inη

between hadronsi andj

∆ηij IS INVARIANT!

The “distance” defined as

r ≡
√

∆η2
ij + ∆φ2

ij

is INVARIANT!
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Variables for Jet Search inpp̄ collisions (III)

ET =61.5 GeV

ET =61.5 GeV

p p

hadrons

  -

900 GeV
900 GeV90 GeV

45 GeV
855 GeV 810 GeV

E=61.7 GeV

E=73.3 GeV

• Advantage of using transverse energies:
Large energy 6= small distance (hard scattering!)

The beam remnant jets have huge energies,
but they HAVE NOT undergone
a hard scattering!

• Large momentum transfer ≡ small distance (hard scattering!)
⇒ large transverse energies signal a hard interaction

• The use of transverse energies helps to disentangle betweenthe products of the hard
interaction and the beam remnant jets(absent ine+e− annihilations)

⇒ Input to the jet algorithm:ET,i, ηi andφi for every hadroni

⇒ “distance” between hadronsi andj:
√

∆η2
ij + ∆φ2

ij
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Variables for Jet Search inep collisions at highQ2 (DIS)

p

e+

e+

photon
Q2

q- hadrons

qg
p

hadrons

  e+

e+

• The kinematics ofep collisions at highQ2 poses several challenges:
→ Presence of beam remnant jet
→ the initial-state γ∗-parton system isboosted(the parton carries a fraction of the

proton’s momentum) and rotated (the γ∗ carries PT )
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Variables for Jet Search inep collisions at highQ2 (II)

p

hadrons

g

q

e+

q-e+

photon

• The effect of thePT carried by the γ∗ is removed
→ by selecting a frame in which

the γ∗ collides head-onwith the proton
(the Breit frame is one example)

• The γ∗-parton system can still have a longitudinal boost:
invariance under longitudinal boosts demands

→ the use of transverse energies, pseudorapidities∗

and azimuthal angles

• The use of transverse energies helpsto suppress the effects of the beam remnant jet

⇒ Input to the jet algorithm: EB
T,i, η

B
i and φB

i in the Breit frame for every hadron i

⇒ “distance” between hadronsi and j:
√

(∆ηB
ij)

2 + (∆φB
ij)

2 in the Breit frame
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The best choice for jet algorithm inep collisions

• There is no best choice since, at the end, it is a question of having the smallest uncertainty
for the given observable:
→ the smallest theoretical uncertainties (higher-order contributions)
→ the smallest hadronisation effects
→ the smallest experimental uncertainties

• At present, the longitudinally invariant kT algorithm is a good choice foraccurate

comparisons between data and perturbative QCD at HERA
→ jet cross sectionsin neutral current DIS
→ jet cross sectionsin photoproduction

• Performance of the longitudinally invariant kT algorithm in ZEUS:
→ small higher-order contributions (5%, 10 − 20%; varying µR by factors 0.5 and 2)
→ small hadronisation corrections (< 10%, < 10%; comparing hadron/parton levels)
→ small hadronisation uncertainties (1%, 2 − 3%; comparing two MC models)
→ small experimental uncertainties (3%, 4%; comparing two MC models)
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The longitudinally invariant kT algorithm for ep collisions

• The clustering procedure is as follows:
→ List of particles (or calorimeter cells, . . .)
→ For every objectk and for every pair of objects i, j the “distances” are evaluated

d2
k = E2

T,k (distance to the beam)
d2
ij = min(E2

T,i, E
2
T,j) · ((ηi − ηj)

2 + (φi − φj)
2)

→ If, of all the values{d2
k, d

2
ij}, d2

mn is the smallest, then objectsm and n are
combined into a single new object according to

ET,ij = ET,i + ET,j , ηij =
ET,i·ηi+ET,j ·ηj

ET,ij
, φij =

ET,i·φi+ET,j ·φj

ET,ij

→ If, however, d2
k is the smallest, then objectk is considered a “protojet” and is

removed from the list
→ The procedure is iterated until the list of objects is empty

• From the list of “protojets” the jets are selected by imposing certain criteria:
→ jet pseudorapidity in the rangeCL < ηjet < CU

→ jet transverse energy in the rangeET,jet > ET,0

⇒ the lower theET,0 is the larger the theoretical and experimental uncertainties are!
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The longitudinally invariant kT algorithm for NC DIS
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JETS IN NC DIS
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• Infrared and collinear safe to all orders in perturbative QCD
• Invariant under longitudinal boosts (along theγ∗-proton axis)
• Suppression of beam remnant jet contributions through the use of transverse energies and

by not forcing all the particles to be assigned to jets (nor requiring a certain jet shape)
• Small experimental and theoretical uncertainties
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Dijet Cross Sections in NC DIS (5 < Q2 < 15000 GeV2)

• Measurement of differential dijet cross sections
over a wide range inQ2 → 5 < Q2 < 15000 GeV2

and 0.2 < y < 0.6 for dijet production with
E

jet,1(2)
T (Breit)> 5 GeV

Ejet,1
T (Breit)+Ejet,2

T (Breit)> 17 GeV
−1 < ηjet,1(2)(Lab)< 2.5

• Detailed investigation of the jet algorithms:
→ Smallest parton-to-hadron effects: inclusivekT

• Comparison with NLO QCD calculations:
→ µR = ĒT , µF =

√
200 GeV

→ CTEQ5M1 parametrisations of proton PDFs
→ parton-to-hadron corrections applied
• NLO QCD gives a good description of the dataover
a wide range inQ2 and ET ; the Q2 dependence is

observed to be reduced at high-ET and described by NLO
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Dijet Cross Sections in NC DIS

• Measurement of double
differential cross sections
dσ/dMJJdQ

2, dσ/dĒT dQ
2

over 5 < Q2 < 5000 GeV2

• It is observed that the spectra
get harder asQ2 increases
• NLO QCD describes well the
data over15 < MJJ < 95 GeV
and 8.5 < ĒT < 60 GeV except at
low Q2, where the shape is ok
but not the normalisation
• Overview: at high Q2 (> 70 GeV2)
NLO describes the data well;
asQ2 decreases the theoretical
uncertainties become large
and NLO fails for Q2 < 10 GeV2
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Dijet Cross Sections atQ2 > 470 GeV2 and extraction ofαs

• Dijet cross sectiondσ2+1/dQ
2 for

470 < Q2 < 20000 GeV2

Ejet,1
T (Breit)> 8 GeV

Ejet,2
T (Breit)> 5 GeV

−1 < ηjet,1(2)(Lab)< 2

→ Ratio R2+1 ≡ dσ2+1/dQ
2

dσtot/dQ2

• Small experimental uncertainties.
• Comparison with NLO QCD calculations
• Small theoretical uncertainties:
→ uncertainties on the proton PDFs
→ hadronisation corrections
→ higher-order terms (> NLO)
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Uncertainties of the Proton PDFs: effects on jet cross sections

• Comparison of jet cross-section calculations using
• different parametrisations of the proton PDFs
• (e.g. MRST vs CTEQ)DOES NOT give a reliable
• estimation of the uncertainties due to the proton PDFs
• Several groups have developed methods to quantify
• these uncertainties by accounting (properly) for

→ the statistical and correlated systematic uncertainties
→ of each data set used in the determination of the PDFs
→ the theoretical uncertaintiesaffecting the extraction
→ of the PDFs in the DGLAP fits
• CTEQ’s analysis provides2Np + 1 PDF sets (Np =number of free parameters)
• consisting of the best fitS0 and eigenvector basis sets in the plus and minus directions
• along each eigenvector, such that the best estimate and its uncertainty can be calculated
•⇒ for any function of the proton PDFs (e.g.σjet)

∆σjet =
1
2
(
∑

i=1,Np
[σjet(S

+
i ) − σjet(S

−
i )]2)1/2
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Dijet Cross Sections atQ2 > 470 GeV2 and extraction ofαs(MZ)

• NLO QCD calculations of dσ2+1/dQ
2

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 ofR2+1 in each

region ofQ2 the value ofαs(MZ)

and its uncertainty are extracted

R2+1

(in a givenQ2 range) NLO QCD

measured value

αs(MZ)

0.110 ... 0.116 ... 0.122
CTEQ4A1 ...CTEQ4M... CTEQ4A5
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Dijet Cross Sections atQ2 > 470 GeV2 and extraction ofαs

• Study of thescale dependence ofαs(Q):
from the measuredR2+1(Q

2) in eachQ2 region
→ αs(< Q >) is extracted
The measurements are consistent with
the running of αs predicted by perturbative QCD

• A combined value ofαs(MZ) has been extracted:

αs(MZ) = 0.1166 ± 0.0019 (stat.)
+0.0024
−0.0033 (exp.)

+0.0057
−0.0044 (th.)

• The theoretical uncertainty dominates:
→ terms beyond NLO∆αs(MZ) = +0.0055

−0.0042

→ uncertainties proton PDFs∆αs(MZ) = +0.0012
−0.0011

→ hadronisation corrections∆αs(MZ) = ±0.0005

Improvements depend upon further Theoretical Work
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Inclusive Jet Cross Sections in NC DIS atQ2 > 125 GeV2
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Inclusive Jet Cross Sections and extraction ofαs
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Three-jet cross sections in NC DIS

• Three-jet cross sections test QCD beyond LO
directly → σ3jet ∝ α2

s
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• At least three jets withEjet
T (Breit)> 5 GeV

and −1 < ηjet(Lab)< 2.5, M3jets > 25 GeV

→ NLO calculations (O(α3
s)): good description of

the data over the whole range10 < Q2 < 5000 GeV2

→ αs(MZ) = 0.1179 ± 0.0013 (stat.)
+0.0028
−0.0046 (exp.)

+0.0064
−0.0046 (th.)
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Jets in photoproduction
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Photoproduction of Jets remnant
photon

α s

α s

α α s

e
e’

remnant
proton

p

q

g q

g

q

γ

α s

e
e’

α

remnant
proton

p

g q

q

γ q• Production of jets in γp collisions has been
measured viaep scattering atQ2 ≈ 0

• At lowest order QCD, two hard scattering
processes contribute to jet production⇒

Resolved process

Direct process• pQCD calculations of jet cross sections

σjet =
∑

a,b

∫ 1

0

dy fγ/e(y)

∫ 1

0

dxγ fa/γ(xγ , µ
2
Fγ)

∫ 1

0

dxp fb/p(xp, µ
2
Fp) σ̂ab→jj

longitudinal momentum fraction of γ/e+ (y), parton a/γ (xγ), parton b/proton (xp)
→ fγ/e(y) = flux of photons in the positron (WW approximation)
→ fa/γ(xγ , µ

2
Fγ) = parton densities in the photon(for direct processesδ(1− xγ))

→ fb/p(xp, µ
2
Fp) = parton densities in the proton

→ σab→jj subprocess cross section;short-distance structure of the interaction
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Photoproduction of Jets OPAL (0.1 < x < 0.6)

AMY (0.3 < x < 0.8)

JADE (0.1 < x < 1.0)

DELPHI prl. (0.3 < x < 0.8)

TPC (0.3 < x < 0.6)

TOPAZ (0.3 < x < 0.8)

ALEPH (0.1 < x < 0.6)

L3 prl. (0.3 < x < 0.8)

PLUTO (0.3 < x < 0.8)

TASSO (0.2 < x < 0.8)

GRV LO (0.2 < x < 0.9)

GRV LO (0.3 < x < 0.8)

GRV LO (0.1 < x < 0.6)

SaS1D (0.1 < x < 0.6)

HO (0.1 < x < 0.6)

ASYM (0.1 < x < 0.6)
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• Measurements of jet photoproduction provide
→ Test of NLO QCD predictions based on current

parametrisations of the proton and photon PDFs
→ Dynamics of resolved and direct processes
→ Photon structure: information on quark densities

from F γ
2 in e+e−; gluon density poorly constrained.

Jet cross sections in photoproduction are sensitive
to both the quark and gluon densities in the photon
at larger scalesµ2

Fγ ∼ E2
T,jet (200 − 104 GeV2)

→ Proton structure: well constrained by DIS except
for the gluon density at highx. Jet cross sections inγp
are sensitive to parton densities atxp up to ∼ 0.6

• Observable to separate the contributions:the fraction
of the photon’s energy participating in the production of
the dijet system xOBS

γ = 1
2Eγ

∑2
i=1 E

jeti
T e−ηjeti
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Variables for Jet Search inep collisions at lowQ2 (Photoproduction)

hadrons
q

q

q

q

g

photon

p

Q2 = 0

e+

e+

p

hadrons

  e+

• The kinematics ofep collisions at lowQ2 is similar to that of pp̄ collisions

⇒ Input to the jet algorithm: ET,i, ηi andφi for every hadron i

⇒ “distance” between hadronsi and j:
√

∆η2
ij + ∆φ2

ij
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The longitudinally invariant kT algorithm for photoproduction
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PHOTOPRODUCTION

OF JETS

• Infrared and collinear safe to all orders in perturbative QCD
• Invariant under longitudinal boosts (along the beam axis)
• Suppression of beam remnant jet contributions through the use of transverse energies and

by not forcing all the particles to be assigned to jets (nor requiring a certain jet shape)
• Small experimental and theoretical uncertainties
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Dijet Photoproduction: the dynamics of resolved and directprocesses

• The dynamics of dijet production has been investigated
by studying the variable:

cos θ∗ ≡ tanh(1
2
(ηjet,1 − ηjet,2))

→ for two-to-two parton scattering θ∗ coincides with

the scattering angle in the dijet CMS

• QCD predicts different dijet angular distributions
for resolved and direct:
→ Resolved (gluon-exchange dominated)

dσ/d| cos θ∗| ∼ 1
(1−| cos θ∗|)2

→ Direct (quark-exchange only)
dσ/d| cos θ∗| ∼ 1

(1−| cos θ∗|)1

• The dijet angular distribution dσ/d| cos θ∗| for xOBS
γ < 0.75 (“resolved”)

should be steeperthan that of xOBS
γ > 0.75 (“direct”) as | cos θ∗| → 1

DIRECT
PROCESSES
quark exchange

q q

g g
RESOLVED
PROCESSES
gluon exchange
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Dijet Photoproduction: the dynamics of resolved and directprocesses

• Measurement of the dijet differential cross
sectiondσ/d| cos θ∗| for dijet events with
Ejet,1

T > 14 GeV,Ejet,2
T > 11 GeV

−1 < ηjet < 2.4 (both jets)
in the kinematic region
Q2 < 1 GeV2 and 134 < Wγp < 277 GeV
• Phase-space region:
| cos θ∗| < 0.8 , MJJ > 42 GeV
0.1 < 1

2
(ηjet,1 + ηjet,2) < 1.3

• Comparison with NLO QCD calculations:
→ High-xOBS

γ (“direct”): NLO describes
the shape and normalisation of the data
→ Low-xOBS

γ (“resolved”): NLO describes
the shape and (reasonably) the normalisation of the data
• The dijet angular distribution of the “resolved” sample is steeperthan that of “direct”
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High-MJJ Dijet Photoproduction

• Measurement of the dijet differential cross section
dσ/dMJJ in the range47 < MJJ < 160 GeV for
dijet events withEjet

T > 14 GeV,−1 < ηjet < 2.5

and | cos θ∗| < 0.8

• Small experimental uncertainties:
→ jet energy scale known to1%⇒ 5% on dσ/dMJJ

• Small theoretical uncertainties:
→ higher-order terms (varying µR) below15%

→ γ PDFs (GRV-HO,AFG-HO) below10%

→ resolved processes suppressed at highMJJ

→ small hadronisation corrections, below5%
• NLO QCD calculations describe the shape and
• normalisation of the measurements well
→ → Validity of the pQCD description of the dynamics of
→ parton-parton and γ-parton interactions in photoproduction
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New jet algorithms
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New jet algorithms
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Benefits of the new jet algorithms

Z → µ+µ− event candidate
with 25 (!!) reconstructed vertices
High pile-up environment in 2012

• Anti-kt and SISCONE jet algorithms
provide jets with better control on the shape
(≈ circular) and area (dictated by the
jet radius R) than with the kt jet algorithm

• Essential to control and suppress the
energy contributions from particles that fall
into the jet but originate from

→ the “underlying event” (hadrons from the
same proton-proton collision but
unrelated to the hard interaction
(a proton is an extended object)

→ additional soft proton-proton interactions
overlaid with the interesting one (pile-up)
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Inclusive Jet Photoproduction
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Inclusive Jet Photoproduction and Determination ofαs
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Not yet the end

• The “jet” saga continues tomorrow morning
•→ jets in hadron-hadron colliders→ by Caterina Doglioni
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