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What I’m going to talk about....

� The ZEUS Detector at HERA.
� Charged Current Deep Inelastic Scattering (CC DIS) and 

cross section measurement using 99-00 ZEUS data.
� Charged Current and polarisation.
� Lepton polarisation principles. 
� Measurement with the Transverse Polarimeter (TPOL).
� Parton Distribution Function (PDF) Fitting:

– Review and reproduction of old fits; ZEUS-S and -O.
– Addition of 99-00 data to fits.
– Consequences - parameterisation dependence changes.
– Inclusion of H1 data.



The ZEUS detector at HERA

� Detecting protons (energy 
920 Gev), and e+ (energy 
27.5 GeV).

� Protons enter from top-right, 
hence lopsided geometry.

� Central Tracking Detector 
tracks charged particles as 
they traverse 1.43 T field.

� CTD surrounded by 
Calorimeter.

� Solid angle coverage ~ 
99.7%



Charged Current DIS
� 99-00 ZEUS e+p data was used to extract Charged Current events.
� CC signature: large missing Pt (ZEUS=99.7% solid angle coverage)
� Typical backgrounds: mis-measured NC and Photoproduction.
� CC Interaction characterised by;

– Q2 (the negative square of the 4-momentum transfer)
– x (fraction of incident proton momentum carried by struck quark)
– y (fractionalenergy transfer to proton in its’ rest frame)



Typical cuts
� Cuts for Pt and Pt/Et.
� Signal (yellow) and 

background MC (red/green) 
shown as filled histos.

� Data shown as filled circles.



From cuts to cross sections

� ‘Sensible’ cuts give a final sample of selected CC events.
� MC simulation is used to decide on bin boundaries (using purity and 

acceptance for each bin). 
– Acceptance= measured evts. 

generated evts.
– Purity= events measured & generated in a bin 

events measured in a bin 

� Data events are binned in y, x and Q�� for cross section determination.
� Measured cross section in bin= Nobs-Nbg

Luminosity ́ Acceptance



� Single differential cross sections 
in Q2, x and y compared to SM 
expectation (evaluated using 
CTEQ6D & ZEUS-S PDFs).

� Ratio plot shows data points as a 
fraction of SM expectation using 
ZEUS-S PDFs.

� Ratio plot also shows the 
uncertainty arising from PDFs.

� Data points dominated by 
statistical uncertainty.

� SM gives good description of the 
data.

Single differential cross section 
with respect to Q2, plus ratio plot

Single differential cross sections



Single differential cross section 
with respect to x, plus ratio plot

Single differential cross section 
with respect to y, plus ratio plot



Reduced double differential 
cross section in bins of fixed x

Reduced double differential 
cross section in bins of fixed Q2

Double differential cross sections

� In terms of LO PDFs, at HERA energies,s cc(e+p) = x[(u+c)+(1-y2).(d+s)]

� =>At high x, we are really probing the d-valence density.

99/00 e+p

SM CTEQ6D [NLO]
x(1-y2)(d+s) [LO]
x(û+��� � ) [LO]

ZEUS-S [NLO]

99/00 e+p
SM CTEQ6D 
SM MRST2001 
ZEUS-S 



Charged Current and Polarisation

� Future running will allow 
measurement ofs CC

obs(P)
(i.e. see how cross section varies 
with polarisation).

� Standard Model: no right handed 
Charged Currents (WR).

� Eventually will allow (for example) 
direct measurement of right-handed 
WR mass. - present limit is 720 
GeV set in 10/2000 by D0.



Polarisation principles

� Relativistic e+/- emit 
synchrotron radiation in curved 
portions of a storage ring. 

� Emission can cause spin flip.
� UD and DU flip rates differ.
� e- become polarised antiparallel

to the guide field, e+ become 
polarised parallel to field 
(Sokolov-Ternov effect).

� P(t) =Pst [1-exp(-t/Tst)]                  
= (NU-ND)/(NU+ND)

� Pst was ~0.51 at HERA.
� Tst=time constant ~20min. Time (min)
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HERA, the TPOL and the ZEUS detector

27.5 GeV

� Schematic layout, showing locations 
of ZEUS, TPOL and two new sets 
of spin rotators - these are required 
by expts. (e.g. ZEUS). 



Transverse Polarimeter

� Transversely polarised leptons collide with circularly polarised laser light to give angular 
asymmetry at TPOL IP.

� Angular asymmetry of Compton photons at IP becomes spatial asymmetry at calorimeter.

� Calorimeter is in two halves to measure up-down energy asymmetry; h =(EU-ED) / (EU+ED)

� h is used to get photon y-position on calorimeter face - the “h-y transformation”.
� Silicon upgrade in front of calorimeter allows fast up-down calibration of calorimeter.

Silicon Detector



Silicon Upgrade

� 6x6cm2 silicon detector with 
horizontal and vertical strips 
(80,120mm pitch respectively).

� 1 Xo Pb preshower to convert 
Compton photons.

� Should improve accuracy of 
Polarisation measurement to 
under 1%.



TPOL performance and testing
� 2 Testbeams performed. 

DESY/CERN-SPS. publications: 
ZEUS-01-019; ZEUS-02-019

� Plus, small amount of HERA data 
gathered  (nothing like enough data to 
get polarised cross-section!)

� Plots of h vs. y (right) from 10 GeV e+

testbeam.
� Silicon allows fast calibration of 

calorimeter; for a given h, the silicon     
y-coordinate is known. Rapidly build 
up a calibrated curve.

� Improves systematic error on 
polarisation estimate, especially at 
high |y| where h flattens off.



TPOL Silicon dead strips/extra hits

� Unfortunately some dead strips/extra 
hits, visible in beam profile.

� Magnified region shows how strips 
adjacent to dead strip record ‘extra’ 
hits, as charge is dissipated to them.

� Defective strip numbers were 
identified by their rms response, and 
recorded.

� ~11% of the detector was unusable.
� Attributed to bonding process.
� Replacement silicon produced,        

re-bonded and installed. No dead 
strips observed.



HERA II Polarisation

� Experiments (eg ZEUS) require 
longitudinally polarised leptons.

� S-T effect produces transversely 
polarised leptons.

� 3 (2 new) sets of spin rotators 
now installed in the ring, around 
the experiments.

� =>New optic for machine 
tuning.

� =>Polarisation expected to be 
50-60%. This has been 
achieved. 

� Now - gather polarised data!

Mar-02 2003:   time (h)
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In the mean time... PDF determination

� What are PDFs and how do ZEUS parameterise them?

� Method for fitting data to obtain the PDFs
� Review of old fits.

� Adding 99-00 ZEUS data.
� Parameterisation dependence of fits.

� Including H1 data.

� Conclusions and outlook.



How ZEUS parameterise the PDFs
� A PDF indicates the density over an (x, Q2) grid, of a particular

parton in the proton.
� At some particular value of Q2,  (Q0

2 =7 GeV2), we parameterise the 
parton momentum distribution with the parameters pi

xf(x) = p1. x p2.(1-x)p3.(1+p5x)

� Gives flexibility at low (p2), high (p3) and middling (p5) values of x.

� Distributions we parameterise are:
– xuv(x) u-valence:  p1u,p2u,p3u,p5u
– xdv(x) d-valence:  p1d,p2d,p3d,p5d
– xS(x) total sea:  p1S,p2S,p3S,p5S
– xg(x) gluon: p1g,p2g,p3g,p5g
– xD =x(d-u) :               p1D,p2D,p3D,p5D



� 5 distributions ́ 4 parameters = 20 possible free params.
� Luckily, some we can fix (e.g.ZEUS-Sglobal fit; 11 free params):

– p1u, p1d  fixed through number sum rules 
– p1g  fixed through momentum sum rule 
– p2u, p2d =0.5  little information exists for low x valence after data cuts

– p2D =0.5 , p3D(=p3S+2), p5D=0 as per MRST eg 
EPJ C4,463(1998);   EPJ C14,133(2000)

– p5g =0 since this choice constrains high-x gluon to be positive. 
CONTROVERSIAL since H1 do not fix this parameter.

– (leaves 11 free parameters)  

� Additionally, for the ZEUS-Ofit (ZEUS data only):
– p1D fixed to value determined by ZEUS-S 

– (leaves 10 free parameters)

� The parameter values are evolved in Q2 using NLO DGLAP equations, and 
convoluted with coefficient functions in Thorne-Roberts Variable Flavour 
Number scheme. 

� => (x,Q2) grid of theoretical structure fn. / cross section values.
� Resulting grid is fed to an evaluation function which calculates Chi-squared 

based on the PDF-derived cross sections (or S.F’s) and the data.



‘S’ and ‘O’ fits
� First task - replicate published ZEUS-S and -O fits published in DESY-02-105.



‘O’-fit high-x sea distribution

� ‘O’ fit sea distribution plotted 
with linear abscissa & 
logarithmic ordinate.

� Shows the ‘O’ fit diverges from 
MRST (& ZEUS-S) at high-x.



What do we notice/ what can we add?

� ‘S’ fit has large systematic uncertainties, esp. heavy target corrections:
– Marginal / little benefit adding 99-00 data to ZEUS-S fit.

� 1994-1999 ZEUS-O fit uncertainties largely statistical:
– Include the 1999-2000 ZEUS data in the ZEUS-O fit.
– Expect significant improvement in ‘O’ fit d-valence from 1999-2000 

e+p Charged Current data.

� Investigate parameterisation dependence of ‘S’ and ‘O’ fits:
– ‘O’-fit u,d-valence distributions look different around peaks.
– high-x sea fit prediction much lower than ‘S’ fit / MRST.
– Also will need to look at gluon.. H1 has humpy gluon, ZEUS doesn’t.

� Investigate effect of more HERA data - look at adding H1 data.



1994-2000 ‘O’ fit

� Include 99-00 ZEUS data.
� Encouraging decrease in 

uncertainties, especially in d-
valence.

� PROBLEM- reduced 
uncertainties now mean 
differences in valence central 
values for ‘S’ and 94-00 ‘O’ fit  
are statistically significant.

� High-x sea still too low.
� Parameterisation dependence 

now NEEDS to be investigated -
esp. valence & sea. 



d-valence uncertainty smaller using 99-00 
data



Global d-valence vs. 94-00 d-valence 



‘S’ fit with p2valence free
� Valence parameters needed investigation.
� Begin with ‘S’ fit and move on to ‘O’ fit.
� Try freeing p2u,p2d - BUT keep p2u=p2d (º p2valence), as no 

information to separate them.
� Results encouraging... c2 goes down & fit is better.



94-00 ‘O-modified’ fit
(p2valence free, plus p3S fixed)

� Apply p2valence=free to 1994-2000 ‘O’ fit.
� Also, fix p3S (high-x sea) parameter to value from global ‘S’ fit.
� Fit now has better central values, closer to MRST/ZEUS-S
� Uncertainties still reduced over 94-99 fit, but not quite as good as if 

we’d left the parameters alone.



94-00 ‘O-modified’ fit d-valence 
vs. 94-99 ‘O’ fit

� Still a little improvement in d-valence
� Benefits of extra data mostly eaten up by model changes.



94-00 ‘O-final’ fit 
(‘O-modified’ fit, plus p3g fixed; p5g free)

� 94-00 ‘O-modified’ fit solved the 
valence and sea problems to a large 
extent.

� Now look at gluon.
� ZEUS fits historically had:

– p3g free (high-x) and 
– p5g fixed (mid-x).

� We know ZEUS data alone doesn’t 
tell us very much about the high-x 
gluon...

� Try reversing this for ‘O-final’ fit:
– p3g fixed (high-x)
– p5g free (mid-x)

� ‘O-final’ fit essentially same results 
as ‘O-modified’ fit.

� Still no humpy gluon, but now       
can use H1 data..



94-00 ‘O-final’ Fit vs CC data

� Fit to data is very good. 
� Example shows fit prediction 

for Charged Current cross-
sections.

� Also shows data entering into 
the fit.

� Next two examples show 
equivalents for Neutral 
Current cross section and F2

em.



94-00 ‘O-final’ Fit vs. NC and F2
em data



94-00 ‘O-final’ fit with H1 data included

� 94-00 ‘O-final’ fit had ZEUS-O 
parameters, plus:
– p2valence free
– p3s fixed
– p3g fixed
– p5g free

� 94-00 ‘O-final’ fit had ZEUS 
data only.

� See the effect of more data in 
HERA kinematic region by 
adding H1 to this fit.

� Fit uncertainties reduce again. 
� Central values not so good-

valence moves higher nr. peaks.



ZEUS and H1 data vs the ‘O-final’ fit

� ZEUS and H1 low-Q2 data 
sets dislike being fitted 
together.

� c2 per data point (for the low-
Q2 data sets) rises 
dramatically when they are 
fitted together.

� Plotting low-Q2 data and fit 
prediction does seem to show 
slight H1+ZEUS differences.



Summary
� Model changes were required- even the old ZEUS-S and -O fits 

showed discrepancies. 
� Adding 99-00 data to the original ‘O’ fit made this more obvious- it 

improved the uncertainties, but central values remained far from
MRST/ZEUS-S.

� ‘O-final’ fit: parameter changes made to valence, sea and gluon PDFs
� 94-00 ‘O-final’ PDF Central values are much more consistent with 

MRST / global ZEUS-S fit, when ZEUS-Only data is used.
� 94-00 ‘O-final’ PDF Uncertainties: somed-valence improvement, but 

limited by model changes made.
� Adding more ZEUS data should improve d-valence uncertainty 

further; - H1 data doesreduce uncertainties, though data does not 
seem entirely compatible, esp. at low-Q2.

� In the future, high-x sea and gluon parameterisations may be freed..
– p3g (high-x gluon) may be freed if  ZEUS F2charm/jet data can be 

included.

– p3S may be freed if extra ZEUS data obtained- cf. fit with H1.



Where does the information come 
from in the ZEUS fits?

� ZEUS-S, short for ‘ZEUS-Standard’ is a fit using GLOBAL data. Some 
ZEUS data (e.g. 96-97 Neutral Current) is included in this.

� Uses all fixed target data where correlated systematics published.
– Valence: xF3 ~ x(uv+dv) from neutrino-Fe heavy target data (CCFR)

F2n/F2p ~ xdv/xuv at high-x from muon+D/p data (NMC)
– Sea:        Low-x from ZEUS  F2 e+p data

High-x predominantly from fixed target F2 muon+p data                                                         
(BCDMS,NMC,E665)
Flavour structure from muon+D and p (NMC,E665)

– Gluon: Low-x from ZEUS dF2 /dlnQ2 e+p data
High-x from momentum sum rule only (unless we add JET DATA)

� ZEUS-O, short for ‘ZEUS-Only’ is a fit using ZEUS data only.
– Still makes some assumptions from ZEUS-S fit, eg p1D.
– The original ZEUS-O fit used ZEUS 94-99 NC & CC data - available at 

http://www-pnp.physics.ox.ac.uk/~cooper/zeus2002.html.
– Now, using 99/00 CC/NC e+p data with correlated systematic error sources this fit 

is  being improved....



Chi-squared definition

c2 = Si (Fi(p,s)-Fi(meas))2 + Sl sl
2

(s2
i,stat+ s2

i,unc)

� Fi(p,s) = Fi
NLOQCD(p) + Sl sl Dil

� Fi(meas) represents a measured data point

� s2
i,stat and s2

i,unc represent stat. and uncorr. syst errors.

� l are systematic error sources. 1 s.d. uncertainty on a data point 
i, due to source l , is Di l

� sl are independent Gaussians, with zero mean and unit variance.

� Accounts for systematic errors AND normalisations.

� Conservative errors obtained using OFFSET method 

e.g. see J.Phys.G 28(2002) 2717



‘Offset’ Fitting Method

� Parameters sl =0 for central values of fit

� Obtain usual Hessian matrix Mjk = 1    ¶2c2 

2   ¶pj¶pk

� sl allowed to vary for error analysis

� Obtain 2nd Hessian matrix Cjl = 1    ¶2c2

2   ¶pj¶sl

� Systematic covariance matrix =Vsy = M-1CCTM-1

� Stat. and uncorr. syst. covariance matrix =Vst= M-1

� Uncertainty on any distribution (eg PDF)  calculated usingVsy,Vst



� Errors on the PDF parameters are given by the error matricesV ij .

� These are propagated to quantities of interest like structure functions,
parton densities and reduced cross sections via: 

< D F2>= Sij ¶F V ij ¶F 

¶pi        ¶pj 

� Clearly, this is easier if V is diagonalised.

� Diagonalisation has various other benefits:

– It tells you if you have a stable fit - are the eigenvalues all positive?

– It tells you if you actually NEED all the parameters you are using.

– It tells you which parameters are constrained best.

Error calculation


