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HERA

1992-2007

HERAHERA--I: 1992I: 1992--2000 2000 L~120 pbL~120 pb--11/exp/exp..

-- precision measurements at low/mediumprecision measurements at low/medium--QQ22

……and a glimpse of highand a glimpse of high--QQ22 potentialpotential

Total luminosity ~ 0.5fb-1/exp.  

Ecms
301 GeV
318 GeV

HERA: world's largest “electron-microscope”! 
(with “resolving power”: Q2~1/λ2 (10-18m))

ep collision at H1 and ZEUS

Presented results:Presented results:
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σσEE /E = 18%//E = 18%/√√E     E     ((eleele))

σσEE/E =  35%//E =  35%/√√EE (had)(had) 3

Liquid Argon CalorimeterLiquid Argon Calorimeter
optimized for precision measurement optimized for precision measurement 
of the scattered leptonof the scattered lepton

UraniumUranium--scintillatorscintillator CalorimeterCalorimeter
optimized  for precision measurement optimized  for precision measurement 
of the of the hadronichadronic final statefinal state

σσEE /E = 11%//E = 11%/√√E     E     ((eleele))

σσEE/E =  50%//E =  50%/√√EE (had)(had)
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Neutral Current Neutral Current Charged CurrentCharged Current

QQ22 = = --(4(4--momentum of propagator)momentum of propagator)22 ––
the the virtualityvirtuality of the exchanged boson.of the exchanged boson.

x x –– fractional momentum of proton fractional momentum of proton 
carried by struck quark carried by struck quark qq

y y –– fractional energy of the incoming fractional energy of the incoming 
lepton transferred to the proton in the lepton transferred to the proton in the 
protonproton’’s rest frame (inelasticity)s rest frame (inelasticity)
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NC:  Sensitive to gluons, valence quarks and see quarksNC:  Sensitive to gluons, valence quarks and see quarks
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All quarks at LO. All quarks at LO. 
Gluon from scaling violations.Gluon from scaling violations. Valence quarks Gluon at NLO

Use Use ‘‘reduced cross sectionreduced cross section’’
to remove to remove kinematickinematic dependence:dependence:
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CC:  Flavour decompositionCC:  Flavour decomposition

ee--p:p:

e+p:e+p:
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H1 & ZEUS have combined  inclusive DIS cross sections from HERA H1 & ZEUS have combined  inclusive DIS cross sections from HERA I data I data 
=> New average with  => New average with  L=240 pbL=240 pb--11

Combination procedure:Combination procedure:
1)1) Swim all point to a common Swim all point to a common QQ22--x gridx grid

2)2) Move 820 GeV data to 920 GeV pMove 820 GeV data to 920 GeV p--beam beam 
energy (not for NC at y>0.35)energy (not for NC at y>0.35)

3)3) Calculate average values and uncertaintiesCalculate average values and uncertainties

4)4) Evaluate Evaluate ““procedural uncertaintiesprocedural uncertainties””

χ2χ2 minimalisationminimalisation method for data combinationmethod for data combination

Span Span 6 orders of magnitude6 orders of magnitude
in x and Qin x and Q22

1402 data points1402 data points combined to combined to 741 cross section741 cross section
measurements:measurements:

-- 110110 correlated correlated systsyst. error sources (H1 & ZEUS). error sources (H1 & ZEUS)

-- 3 3 procedural uncertainties  procedural uncertainties  

--H1 & ZEUS H1 & ZEUS systsyst. assumed independent (except . assumed independent (except 
0.5% lumi 0.5% lumi normalisationnormalisation))
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H1 and ZEUS
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Combination of H1 & ZEUS HERA I data provides a Combination of H1 & ZEUS HERA I data provides a model independent model independent 
tooltool to study consistency of the data and to reduce systematic errorto study consistency of the data and to reduce systematic error!!

Unprecedented precision due Unprecedented precision due 
to cross calibration of detectorsto cross calibration of detectors

χχ2/2/nndofdof = 637/656= 637/656
Data show good consistencyData show good consistency

Precision:                    Precision:                    
2%  for 3<Q2%  for 3<Q22<500 GeV<500 GeV22

1% for 20< Q1% for 20< Q22<100 GeV<100 GeV22
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Low/medium QLow/medium Q22 bins (2bins (2--150 GeV150 GeV22)) High QHigh Q22 bins(150bins(150--30000 GeV30000 GeV22 ))

FF22 (x,Q(x,Q22)) shows strong rise as shows strong rise as xx-->0>0, the rise increases with , the rise increases with 
increasing Qincreasing Q22

Data well described by QCD fit from Data well described by QCD fit from QQ22=2 to 30000 GeV=2 to 30000 GeV22
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Data show strong Data show strong scaling scaling 
violations at low x violations at low x large large 
gluon densitygluon density

NC data at highNC data at high--Q2: Q2: 
ZZγγ interference interference destructive (e+p)destructive (e+p)
and and constructive (econstructive (e--p)p)

Good agreement between data and Good agreement between data and NLO QCD fit!NLO QCD fit!
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CC CC ee++pp//ee--pp allows to disentangle contributions of allows to disentangle contributions of d d and and uu quarksquarks
Probes flavor structure of the protonProbes flavor structure of the proton

ee++p most sensitive to d(x,Qp most sensitive to d(x,Q22))

e+p valence quarks e+p valence quarks 
suppressed by factor (1suppressed by factor (1--y)y)22

ee--p most sensitive to u(x,Qp most sensitive to u(x,Q22))

( ) ( )sdycupe
cc +−+++ 21~~σ ( ) ( )sdycupe

cc +−++− 21~~σ
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Fit uses Fit uses combinedcombined H1&ZEUS NC, CC data onlyH1&ZEUS NC, CC data only

DGLAP equations at DGLAP equations at NLO in NLO in MSbarMSbar schemescheme

Parameterize  Parameterize  partonparton distribution functions distribution functions 
at starting scale and evolve with Qat starting scale and evolve with Q2.2.

ThorneThorne--Roberts Variable Flavour Number Roberts Variable Flavour Number 
Scheme Scheme (as for MSTW08): (as for MSTW08): 

takes the quark masses into accounttakes the quark masses into account

Results:Results:
10 parameters for central fit10 parameters for central fit

χχ2/n2/ndofdof = 574/582= 574/582

PDFsPDFs at the starting scaleat the starting scale
parameterised as:parameterised as:

xf(x,Qxf(x,Q00
22) = Ax) = AxBB(1(1--x)x)CC(1+Dx+Ex(1+Dx+Ex22))

where where xfxf = = xuxuvalval, , xdxdvalval, , xgxg, , xUbarxUbar, , xDbarxDbar
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Experimental uncertainty:Experimental uncertainty:
Take into account experimental errors including, correlationsTake into account experimental errors including, correlations
bin to bin and between experiments/datasets => bin to bin and between experiments/datasets => ΔΔχχ22=1=1

Model uncertainty includes theoretical errors:Model uncertainty includes theoretical errors:

oo MMcc 1.35 1.35 →→1.5 GeV, M1.5 GeV, Mbb 4.34.3→→5.0 GeV5.0 GeV
oo strangeness s/D 0.23strangeness s/D 0.23→→0.380.38
oo QQ22

0 0 1.51.5→→2.9 GeV2.9 GeV22

oo Minimum Minimum QQ22 cut on data 2cut on data 2.5.5→→5.0GeV5.0GeV22

oo ααSS(Mz(Mz)=0.1176 )=0.1176 ±± 0.0020 [PDG]0.0020 [PDG]

Parameterisation uncertainty:Parameterisation uncertainty:
Vary parameterisation of Vary parameterisation of PDFsPDFs at starting scale by adding at starting scale by adding 
in extra parameters in the fitin extra parameters in the fit
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High precisionHigh precision for sea and gluon at for sea and gluon at low xlow x
Reasonable precision for valence at high xReasonable precision for valence at high x
Gluon error relatively large at high xGluon error relatively large at high x
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Distributions for valence quarks, see and gluons Distributions for valence quarks, see and gluons 

Gluon and see distributions are scaled by factor 20Gluon and see distributions are scaled by factor 20
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Small errors on gluon & see distributions at LHC energiesSmall errors on gluon & see distributions at LHC energies
eenables precise predictions for LHC cross sectionsnables precise predictions for LHC cross sections
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Tevatron Jet Cross Sections

2.0 < |yjet| < 2.4 (x 10-9)

1.6 < |yjet| < 2.0 (x 10-6)

1.2 < |yjet| < 1.6 (x 10-3)

0.8 < |yjet| < 1.2

0.4 < |yjet| < 0.8 (x 103)

|yjet| < 0.4 (x 106)

Cone    R=0.7  - fastNLO

HERAPDF1.0

D0 RunII

PT jet [Gev/c]
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dy
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t dp
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HERAPDF1.0 describes HERAPDF1.0 describes TeVatronTeVatron data data 
up to  the highup to  the high--Et jet production!Et jet production!

Ratio of D0 high Et jet crossRatio of D0 high Et jet cross--section to section to 
HERAPDF1.0 prediction:                                 HERAPDF1.0 prediction:                                 
-- Total PDF uncertainty blueTotal PDF uncertainty blue
-- PDF experimental redPDF experimental red
-- Systematic experimental error yellowSystematic experimental error yellow
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Predictions for the W/Z production cross sections using Predictions for the W/Z production cross sections using HERAPDF1.0 HERAPDF1.0 
(including (including experimentalexperimental,, modelmodel and and parameterisationparameterisation uncertaintiesuncertainties)

Precision:                                                     Precision:                                                     
4% uncertainties  in the central rapidity range4% uncertainties  in the central rapidity range

Improvement is expected with HERAII data Improvement is expected with HERAII data 
at large y (highat large y (high--x)x)
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The H1 and ZEUS HERAThe H1 and ZEUS HERA--I cross sections have been combined using aI cross sections have been combined using a
modelmodel--independent approach that leads to a crossindependent approach that leads to a cross--calibration of the H1calibration of the H1
and ZEUS and ZEUS measurmentsmeasurments::

-- Combined data span Combined data span six orders of magnitude in x and Q2six orders of magnitude in x and Q2
-- Large reduction of the systematic uncertaintiesLarge reduction of the systematic uncertainties
-- 1%1%--level precisionlevel precision for 20 < Qfor 20 < Q22 < 100 GeV< 100 GeV22

Combined crossCombined cross--sections used as sole input in a new QCD analysissections used as sole input in a new QCD analysis
resulting in a new set of resulting in a new set of PDFsPDFs (HERAPDF1.0):(HERAPDF1.0):

-- Detailed study of the uncertainties of the Detailed study of the uncertainties of the PDFsPDFs (exp, model, (exp, model, parametrisationparametrisation)    )    
-- %%--level accuracy at low xlevel accuracy at low x,  at medium,  at medium--x and highx and high--Q2 Q2 expected    expected    

improvement with HERAII dataimprovement with HERAII data

HERAPDF1.0 has been published & it can be used:
https://www.desy.de/h1zeus/combined_results/benchmark/herapdf1.0.html
- LHC: HERAPDF1.0 is good for the central rapidity region at the scale of W/Z

- TeVatron: HERAPDF1.0 describes the data- up to the high-Et jet production

Latest results  in fitting combined FLatest results  in fitting combined FLL data and Fdata and F22 charm charm 
(talks by: H. Kowalski, (talks by: H. Kowalski, V. V. RadescuRadescu))

https://www.desy.de/h1zeus/combined_results/benchmark/herapdf1.0.html
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ExtraExtra--slidesslides
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QCD evolution extrapolates  QCD evolution extrapolates  
HERA measured HERA measured PDFsPDFs to LHCto LHC

HERA data cover LHC central HERA data cover LHC central 
rapidity range for M > 100 GeVrapidity range for M > 100 GeV

PDFPDF’’ss obtained in low x obtained in low x 
regime at HERA are regime at HERA are 
applicable to LHCapplicable to LHC
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Data shown in very Data shown in very 
low Qlow Q22 region (0.05region (0.05--1.5 1.5 
GeV2) GeV2) 

pQCDpQCD not expected not expected 
to work in the very low to work in the very low 
QQ22 region. region. 
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PartonParton Distribution Function           Distribution Function           
xuxu, , xdxd, , xsxs and and xcxc at Qat Q22 = 10 = 10 
GeVGeV22
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Distributions for valence quarks, see and gluons (logarithmic scDistributions for valence quarks, see and gluons (logarithmic scale) ale) 
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Gluon density Gluon density vsvs different different ααs  s  valuesvalues
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Distributions for valence quarks, see and gluons Distributions for valence quarks, see and gluons 
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Tevatron Jet Cross Sections

1.6 < |yjet| < 2.1 (x 10-6)

1.1 < |yjet| < 1.6 (x 10-3)

0.7 < |yjet| < 1.1

0.1 < |yjet| < 0.7 (x 103)

|yjet| < 0.1 (x 106)

KT    D=0.7  - fastNLO

HERAPDF1.0
(corrected to hadron level)

CDF Data (RunII)
(Stat. unc. only)

PT jet [Gev/c]

d2 σ/
dy
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t dp

T
 je

t  [n
b/

(G
ev

/c
)]

10
-13

10
-10

10
-7

10
-4

10
-1

10 2

10 5

10 8

0 100 200 300 400 500 600 700



2929

0

0.5

1

1.5

2

)n
b 

ν
(W

+)
.B

R
(e

σ

0

0.5

1

1.5

2

-0.1

-0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

y

fr
ac

. u
nc

er
t.

-0.1

-0.05

0

0.05

0.1

 HERAPDF1.0 14TeV
 total uncert.
 MSTW08
 CTEQ6.6

0

0.5

1

1.5

2

0

0.5

1

1.5

2

)n
b 

ν
(W

-)
.B

R
(e

σ
0

0.5

1

1.5

2

-0.1

-0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

y

fr
ac

. u
nc

er
t.

-0.1

-0.05

0

0.05

0.1
0

0.5

1

1.5

2

0

0.1

0.2

0.3

0.4

(Z
).

B
R

(e
e)

nb
 

σ

0

0.1

0.2

0.3

0.4

-0.1

-0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

y

fr
ac

. u
nc

er
t.

-0.1

-0.05

0

0.05

0.1
0

0.1

0.2

0.3

0.4

0

0.1

0.2

0.3

0.4

0

0.1

0.2

0.3

 -
Z

/W

0

0.1

0.2

0.3

-0.1
-0.05

0
0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
y

fr
ac

. u
nc

er
t

-0.1
-0.05

0
0.05

0.1

 HERAPDF1.0 14TeV
 total uncert.
 MSTW08
 CTEQ6.6

0

0.1

0.2

0.3

0

0.1

0.2

0.3

 +
Z

/W

0

0.1

0.2

0.3

-0.1
-0.05

0
0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
y

fr
ac

. u
nc

er
t

-0.1
-0.05

0
0.05

0.10

0.1

0.2

0.3

0

0.1

0.2

0.3

2*
Z

/W
 

0

0.1

0.2

0.3

-0.1
-0.05

0
0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
y

fr
ac

. u
nc

er
t

-0.1
-0.05

0
0.05

0.10

0.1

0.2

0.3

0

1

2

3

4

5

+
/W-

W

0

1

2

3

4

5

-0.1
-0.05

0
0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
y

fr
ac

. u
nc

er
t

-0.1
-0.05

0
0.05

0.10

1

2

3

4

5

0

0.2

0.4

0.6

A
(W

)

0

0.2

0.4

0.6

-0.1

-0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
y

ab
s.

 u
nc

er
t.

-0.1

-0.05

0

0.05

0.1

 HERAPDF1.0 14TeV
 total uncert.
 MSTW08
 CTEQ6.6

0

0.2

0.4

0.6

0

0.1

0.2

0.3
A

(l
)

0

0.1

0.2

0.3

-0.1

-0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5
η

ab
s.

 u
nc

er
t.

-0.1

-0.05

0

0.05

0.1
0

0.1

0.2

0.3

0

0.1

0.2

0.3

0

0.1

0.2

0.3

HERAPDF1.0 predictions for 
W/Z production at LHC

These are at 14TeV but 10TeV 
and 7TeV exist

These show the full uncertainty 
bands of HERAPDf1.0 and 
compare to CTEQ66 and 
MSTW08 central values
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1.1. Additive Additive vsvs Multiplicative nature of the error sourcesMultiplicative nature of the error sources

Only normalizations uncertainties are taken as multiplicativeOnly normalizations uncertainties are taken as multiplicative
( => Typically below 0.5%, a few % at high( => Typically below 0.5%, a few % at high--Q2 )Q2 )
A general study of the possible correlated systematic uncertaintA general study of the possible correlated systematic uncertaintiesies
between H1 and ZEUS has been performed:between H1 and ZEUS has been performed:
-- Identified 12 possible uncertainties of common originIdentified 12 possible uncertainties of common origin
-- compared 212 averages taking all pairs as compared 212 averages taking all pairs as corr/uncorcorr/uncor in turnin turn
Mostly negligible except for:Mostly negligible except for:
22. . Correlated Correlated systsyst. . uncertuncert. for the . for the photoproductionphotoproduction backgroundbackground

(Typically below 0.5%, but larger at high(Typically below 0.5%, but larger at high--y)y)
3. 3. Correlated Correlated systsyst. . uncertuncert. for the . for the hadronichadronic energy scaleenergy scale

(Typically below 0.5%, significant only at low(Typically below 0.5%, significant only at low--y)y)

Procedural UncertaintiesProcedural Uncertainties
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