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The HERA Collider Experiments
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1992 - 2007



HERA: Final Integrated Luminosity

e–p : ~   20 pb-1 
e+p : ~ 100 pb-1

HERA I

HERA II

+  Shift Vertex Runs
 [1995 & 2000]

e–p : ~ 200 pb-1 
e+p : ~ 200 pb-1

+  Low Energy Runs
 [@ 460 & 575 GeV]
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Kinematics
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y =
pq

pk
=

Q2

sx

The Structure Function F2

d2σ

dxdQ2
=

2πα2

xQ4

[
Y+F2 ∓ Y−xF3 − y2FL

]
F2 F3 FL

with Y± = 1± (1− y)2

Unpolarized e±p NC cross section:

  F2 ~ ∑(q + q) : dominates cross section
xF3 ~ ∑(q – q) : contributes at high Q2

  FL ~ αsg(x,Q2) : contributes only at high y

F2 ∝
∑

(q + q̄)

xF3 ∝
∑

(q − q̄)

FL ∝ αsg(x,Q2)

Q2 = −(k − k′)2 x =
Q2

2pq

Four-momentum 
transfer:

Bjorken-x: Inelasticity:
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A DIS-Event in the Detector

Low Q2
High Q2
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i.e. low e±-scattering Energy E’
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Low Q2
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Ee → Ee - Eγ

Special Experimental Techniques
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H1: shifted vertex collisions, initial state radiation (untagged ISR)
ZEUS: low angle calorimeter & tracker (BPT), tagged ISR

Shifted
Vertex

Radiative events 
Low angle detectors
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Recent Low Q2 Results

Combined
Precision: up to 1.5% 

    [for Q2 > 5 GeV2]

H1 Data:

 Min Bias ’97 [publ.]

 Min Bias ’99 [high y]

 Shifted Vtx ’00 [low Q2] 
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Recent Low Q2 Results

H1 Data fill gap
in transition region

Agreement with ZEUS 
in regions of overlap

 
Comparison to 
phenomenological models

[here: fractal fit]



High y & FL



Recent High y Measurements
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Recent High y Measurements
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FL: Indirect Determination

log10 x

σred 
Pred. F2

Measured 
x-sec.

} ~ FL

Q2  [GeV2]

Extrapolate F2 and 
determine FL via: FL ~ F2 – σr

[Drawback: Requires assumption on F2]

Extraction via:

[shape methode]

σred
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FL(x,Q2) =
σred(x,Q2, y1)− σred(x,Q2, y2)

Y 2
2 /Y2,+ − Y 2

1 /Y1,+

σred = F2(x,Q2)− y2

Y+

FL(x,Q2)
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F2 − FL

σred(x,Q2)

FL: Direct Measurement 

Cross section measurements 
at different y-values ...

Q2 = sxy
... at different beam energies ...

i.e. due to

Reduced Cross Section:

End of HERA II: Low energy runs @ 460 & 575 GeV➥
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Figure 22: The reduced cross section σr(x, Q2, y) measured at fixed values of x and Q2 as a

function of f(y) = y2

1+(1−y)2 . Only x and Q2 values are shown which include cross section

measurements from both LAr and Spacal analyses. The full boxes represent the nominal energy

data (920 GeV), stars the medium energy data (575 GeV) and full circles the low energy data

(460 GeV). The inner error bars are the statistical errors and the full error bars represent the

statistical and systematic errors, added in quadrature. The lines show the linear fits used to

determine FL.
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x-Averaged FL

Consistent 
with QCD
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Medium Q2 data
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Figure 25: The longitudinal structure function FL averaged in x at given value of Q2 in the full

range of medium and high Q2 using data taken at different proton beam energies of 460 GeV,

575 GeV and 920 GeV. The resulting x values of the averaged FL measurements are given in the

figure for each point in Q2. The inner error bars are the statistical errors and the full error bars

represent the statistical and systematic errors, added in quadrature. The correlated systematic

error between the averaged FL measurements is estimated to vary between 0.05 and 0.10 in

the measured kinematics range. The solid red line represents a QCD prediction based on H1

PDF 2000 fit. The dashed lines represents the MSTW and the dashed-dotted line the CTEQ6.6

predictions (private communications).
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x-Averaged FL

Q2/GeV2 x FL stat. unc. corr. tot.

12. 0.000277 0.22 0.06 0.05 0.08 0.11

15. 0.000366 0.08 0.05 0.04 0.09 0.11

20. 0.000493 0.24 0.04 0.04 0.09 0.10

25. 0.000618 0.38 0.05 0.05 0.08 0.10

35. 0.000931 0.24 0.06 0.06 0.09 0.13

45. 0.00142 0.18 0.08 0.08 0.14 0.18

60. 0.00219 0.33 0.13 0.13 0.19 0.27

90. 0.00362 0.48 0.23 0.22 0.22 0.39

Table 2: Longitudinal proton structure function FL(x, Q2) measured at the given values of Q2

and x. The errors denote the statistical, the uncorrelated and the correlated systematic uncer-
tainties which in quadrature add up to a total uncertainty as quoted in the last column.
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Figure 6: The longitudinal proton structure function FL(x, Q2) as a function of Q2 and x, as
indicated. The inner error bar is the statistical error, the full error bar describes the total error,

with statistical and systematic errors added in quadrature. The solid curve describes the expec-

tation on FL(x, Q2) from the H1 PDF 2000 fit using NLO QCD. The dashed (dashed-dotted)

curve is the expectation of the MSTW (CTEQ) group using NNLO (NLO) QCD. Note that the

theory curves connect predictions at the given x, Q2 values by linear extrapolation.
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Consistent 
with QCD

Extension to 
lower Q2 planed

Medium Q2 data
published

H1



High Q2

Polarized NC and CC Cross Sections
Electroweak & QCD Fits
Combined HERA I Data



Intro NC & CC EW & QCD fit H1-ZEUS Combi Summary

ZEUS NC with longitudinally polarised electrons (Pe != 0)

P= +0.3
P=-0.27

Ratio

Asymmetry:

A ≡ σ(Pe = +1) − σ(Pe = −1)

σ(Pe = +1) + σ(Pe = −1)

HERA II e−p, e+p:

ZEUS

)2 (GeV2Q
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A
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 SM (ZEUS-JETS)
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A

→ Parity violation in NC at high Q2

High Q2 structure functions at HERA Katherine Korcsak-Gorzo

ZEUS
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)-1p (177 pb- ZEUS NC (prel.) e-A
 SM (ZEUS-JETS)+A
 SM (ZEUS-JETS)-A

Polarized NC Cross Section

Parity violation
in NC at high Q2

e+p

e–p
Asymmetrie:

with∆ = 2∆u + ∆d. Neglect of ∆ leads to a sum rule [7] which in leading order is

∫ 1

0

xF γZ
3

dx

x
=

1

3

∫ 1

0

(2uv + dv)dx =
5

3
. (8)

The xF γZ
3 structure function thus is determined by the valence quark distributions and predicted

to be only very weakly depending on Q2.

H1 and ZEUS have measured this function at differentQ2 as a function of x [3, 4]. In order
to study its x dependence more accurately, the H1 and ZEUS data have been adjusted to one
fixed Q2 value of 1500GeV2 and a weighted average is determined using the full uncertainty

of either measurement. The result is shown in Fig. 1. The two measurements agree within

the quoted uncertainties. Taking into account the full uncertainties of the H1 and ZEUS mea-

surements, an average result for the interference structure function xF γZ
3 is obtained as shown

in Fig. 1. The measurement is well described by the ZEUS [8] and H1 NLO QCD fits [9] to

previously published unpolarised HERA I data, dominated by e+p, in which it is assumed that
sea and antiquarks have the same distributions, ∆u = ∆d = 0, and the quark counting rule is
applied. The predictions for xF γZ

3 are thus approaching zero at large x which is consistent with
the measurement. The difference between the H1 and ZEUS fit results hints at the presence of

only weak constraints on the behaviour of the valence quark densities at lower x.

In the range of acceptance the integral of F γZ
3 is measured to be

∫ 0.65

0.02

F γZ
3 dx = 1.21 ± 0.09(stat) ± 0.08(syst) (9)

which is consistent with the results of the H1 and ZEUS QCD fits, 1.12 ± 0.02 and 1.06 ±
0.02, respectively, for the same x interval at Q2 = 1500GeV2. Using the H1 fit prediction to

subtract the valence quark contribution to the sum rule, a constraint is obtained on the integrated

difference term ∫ 0.65

0.02

∆dx = 0.09 ± 0.09(stat) ± 0.08(syst) (10)

in the quoted kinematic range which is consistent with zero.

4 Polarisation Asymmetry

With HERA II longitudinal polarisation effects become accessible to the ep collider exper-
iments. A direct measure for the electroweak effects are the charge dependent polarisation

asymmetries of the neutral current cross sections. The cross section asymmetries defined as

A± =
2

PR − PL
· σ±(PR) − σ±(PL)

σ±(PR) + σ±(PL)
(11)

to a very good approximation measure the structure function ratio

A± " ∓kae
F γZ

2

F2
(12)

3
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Figure 2: Measurements of the polarisation asymmetriesA± by the H1 Collaboration (top left),

the ZEUS Collaboration (top right) and combined (bottom). The error bars denote the total

uncertainty which is dominated by the uncorrelated error contributions. The curves describe

the theoretical predictions in NLO QCD as obtained in fits to the H1 inclusive data and to the

inclusive and jet ZEUS data, respectively. Both fits have been performed using the unpolarised

HERA I data.
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Polarized NC Cross Section

e+p-Lumi:  H1: 47 pb-1; ZEUS: 24 pb-1

e–p-Lumi: H1: 98 pb-1; ZEUS: 122 pb-1



Intro NC & CC EW & QCD fit H1-ZEUS Combi Summary

ZEUS CC with Pe != 0

σe±p
CC (Pe) = (1 ± Pe)σ

e±p
CC (Pe = 0)

Linear dependence as expected.

Extrapolate to full polarisation.

→ No RH charged currents.

eP
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High Q2 structure functions at HERA Katherine Korcsak-Gorzo

σe±p
CC (Pe) = (1± Pe)σe±p

CC (Pe = 0). . .

Polarized CC Cross Section

σe±p
CC (Pe) = (1± Pe)σe±p

CC (Pe = 0)

Extrapolation:
  ➥  No right-handed CC

H1:  σCC,P=1 = -0.9 ± 4.5 pb
ZEUS:  σCC,P=1 = +0.8 ± 5.9 pb

[Preliminary]
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Neutral current:

Charged current:

[e+p: sensitive to d-quarks]
[e–p: sensitive to u-quarks]

Use polarized NC and CC data to simultaneously 
determine PDFs and quark couplings vu, vd, au, ad
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Electroweak & QCD Fit
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Electroweak & QCD Fit
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Combining Data



HERA I e
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HERA I Combined Cross Section

HERA I e
+
p Neutral Current Scattering - H1 and ZEUS
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HERA I Combined Cross Section
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HERA I Combined Cross Section

HERA I e+p Neutral Current Scattering - H1 and ZEUS
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HERA I Combined PDF Fit

H1 and ZEUS Combined PDF Fit
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New PDFs
with reduced errors

Fits performed at NLO
[using DGLAP & ZMVFNS]

• Q2min = 3.5 GeV2

• χ2/ndf = 476.7/562
• Δχ2 = 1



HERA I Combined PDF Fit
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H1 and ZEUS Combined PDF Fit

New PDFs
with reduced errors

Fits performed at NLO
[using DGLAP & ZMVFNS]

• Q2min = 3.5 GeV2

• χ2/ndf = 476.7/562
• Δχ2 = 1



Summary

Low Q2: shifted vertex and min. bias data; 
gap in transition region filled.

High y: Direct & indirect FL determination;
sensitivity to gluon density.   

High Q2: New polarized cross sections; 
combined EW & QCD Fits

Data combination: H1 & ZEUS NC/CC  data;
reduced uncdertainties; combined PDF fits.

1

2

3

4
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DIS 2007, MünchenAndrea Vargas Treviño

Combination Procedure

combination of data sets requires a proper handling of  
systematic & statistical errors.

Let        a set of cross section measurement, then          is obtained:

 Input:  Output:
!True ," j!i ,

#!i

#" j

,$
! , i
2 ,$

" j

!Ave

sensitivity to syst stat+uncorr uncertainty

uncertainty on the source shift on the uncertainty 
of the source

!i

%2&!Ave ,"'()k(1

exp
)i

bins
*!i ,Ave+&!ik,) j(1

syst #!i
k

#" j
k
" j
k '-
2

$
!i
k
2

,)k(1

exp
) j(1

syst &" j
k'2

$
" j
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H1 Data Combination
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definition

measured central values

statistical and uncorrelated systematic uncertainties

correlated uncertainty

sensitivity of the data to to the systematic source j

2!

It’s a cross  calibration of the correlated systematics between different

data sets. If !"j = 0. it coincides with a standard average

fitted shift of the i data due to the j sys error source

fitted H1-ZEUS combined H1-value

χ2
exp

(

M i,true, ∆αj ) =
∑

i

[

M i,true−

(

M i +
∑

j
∂M i

∂αj
∆αj )

]

2

σ2
i

+
∑

j

∆αj

σ2
αj

M i

σi

σαj

∂M i

∂αj

M i,true

∂M i

∂αj

∆αj

Combining H1 & ZEUS Data

2

2
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New       definition

Normalisation is clearly relative (multiplicative). 

Are the other systematics errors additive or multiplicative ? Debatable !

Impact is mostly negligible, except at very large Q2 and x where    

statistical errors and fluctuations are the largest.

At that stage : an additional uncertainty has been added.     

2!

χ2
exp

(

M i,true, ∆αj

)

=
∑

i

[

M i,true −

(

M i +
∑

j
∂M i

∂αj

M i,true

M i ∆αj

)]2

(

σi
M i,true

M i

)

2

+
∑

j

∆α2
j

σ2
αj

Combining H1 & ZEUS Data



Determination of FLDetermination of FL

σr = F2(x, Q2) −
y2

Y+
FL(x, Q2)

Reduced Cross Section

!! Data sensitive at highest y only

!! Direct measurement requires data
at different s −→ lower Ep runs

!! Indirect determination at high y

"" Derivative method

∂σr
∂ ln y

∣

∣

∣

∣

Q2
≈

∂F2
∂ ln y

∣

∣

∣

∣

Q2
−

2y2(2 − y)

Y2
+

FL

Derivative dominated by FL term at high y

"" Shape method

σfit = cx−λ −
y2

Y+
FL

Shape driven by kin. factor rathen than FL

Victor Lendermann, Inclusive Measurements at Low Q2 32 New Trends in HERA Physics, Ringberg Castle, 2-7.10.2005Victor Lendermann, Inclusive Measurements at Low Q2 32 New Trends in HERA Physics, Ringberg Castle, 2-7.10.2005

32

FL: Indirect Determination Methods


