Proton structure function
measurements at HERA

Vliadimir Chekelian (MPI for Physics, Minich)

on behalf of H1 and ZEUS _&l_l&|

- The HERA ep collider (1992-2007)

- Deep Inelastic Scattering (DIS) / Structure functions (SF)

- Combination of H1 and ZEUS inclusive NC & CC cross sections
- QCD fit to the combined H1 and ZEUS data

- Longitudinal structure function F (x,Q?)

- Summary

14th Lomonosov conf. V.Chekelian, Proton SF at HERA
Moscow 25.08.2009



H1 Integrated Luminosity / pb™

400

300

200

100

HERA (1992-2007)

Status: 1-July-2007

B e(Ee=27.5GeV)’

| —— €lectrons
~ —— positrons
- low E

— HERA-2
(2003-2007)

> <

low E, -
running { Ep =920 (575, 460) GeV

e’ 1 HERA

peak luminosity 5 103! cm-2 sec!
Q2. = 105 GeV?

}\‘min ~ 1/1000 r‘prm‘on

longitudinal e-beam polarisation

H1+ZEUS in total ~ 1 fb!
about equally shared between
- experiments (H1, ZEUS)
- e*and e-,
- positive and negative P,

0 500 1

14th Lomonosov conf.
Moscow 25.08.2009

000 1500
Days of running

V.Chekelian, Proton SF at HERA 2



Deep Inelastic Scattering (DIS)

Neutral Current (NC): e p—>e X

Charged Current (CC): e p VX

| | 1 = r-iu lt\i
' N

Q2=-g2 = -(k-k’)? virtuality of v*,Z
X =Q?32(Pq) Bjorken x
y = (Pqg)/(Pk) inelasticity

Q2= sxy s=(k+P)? Factorisation: opis ~ 0 ® pdf (X)

c - perturbative QCD cross section
pdf — universal parton distribution functions



NC: Proton Structure Functions

diotl _2naY, . 2na¥,

oF =

dxdQ®  xQ°

helicity factors: YJ_r =1+ (1— y)2

r XQ

o (xQ) 2

dominant contribution :
R (x,Q%) =) e x(q; +7})
at high Q¢ (< MF):

5 _
XF;(x,Q*) =x> B (g, —0)
- valence quarks
at highy
F, - directly sensitive to gluon
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CC: Flavour Separation

d’occle’P) _ GEMw
- Y+W
dxdQ® 2% (@ +MW) &l

— VWL, T Y_xW4]
_J

Y

N (;CC(X,QZ) - reduced CC cross section

| @ =530Gev’ | Q'=050GevV’ |

e'p

The CC e*p cross section
- determines d quark at high x
(little sensitivity from NC)

Go' (% Q%) ~ (T+T) +(L-y)*(d +5)

XU+XC

The CC ep cross section
- dominated by u quark

e e :..::::} : r"';-:::::I .“:"1 | : bt ::..:::L-H':":-::..:-
/' Q*=9500 GeV* | Q@ =17000 GeV* ?

I @=30000 cev?] ~ep . oy T
] I ] X ~(u+c)+(1- d+5S
(l_Y)z [Xd_‘FXS] T - zEvE(prely 0o | - - SM(CTEQED) ] GCC ( ’Q ) ( ) ( y) ( )
A 1 apkLE=n) 1 SM(ZEUS JETS)
I ] . (1;3;;.- id+s) ]
0 R - constrain d (u) quark density
[ ™y, | ] - free of nuclear corrections
g T ) and isospin assumptions
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Kinematic Reach in x and Q2

. : : 2
HERA: 6 decades both in x and in Q All HERA T (1994-2000) inclusive

”; o NC & CC analyses are completed
SMF and published
= B H - for Q2% < 100 GeV? the results are final
104 = zEuvs
E=F  Fixed Target Experiments: HERA II (203_2007) NC & CC 01- high Q2
10 3| CCFR, NMC, BCDMS, are beeing analysed / PUbllShed

- including polarisation dependences

E665, SLAC

H1 and ZEUS performed new NLO
QCD fits (HIPDF 2009, ZEUS09)

I
10 ¢

10 ¢ - combination of H1 and ZEUS

NC & CC data (HERA I)

> NLO QCD fit using combined
H1 & ZEUS data (HERAPDFO.2)

0° 10 10" 10" 10 10 1 > F_measurements using low E, data
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Combination of H1 and ZEUS

The goal is to have "the unique HERA data set” which includes expert knowledge in the
treatment of the correlations between many individual data sets from H1 and ZEUS
- most precise, complete and easy fo use

Combine inclusive unpolarised NC & CC cross sections from H1 and ZEUS at HERA | (1994-2000)

—> all HERA I analyses are completed and published.
Exploit differences between H1 and ZEUS in detectors, methods and systematics to “cross-calibrate”,

and hence to reduce the systematic uncertainties. s
o .
S 41 51x25 points R=33
- for each channel move measured points to a common x-Q2? grid & | pisoo Ty
- correct E,.,,=820 GeV data to E,,,=920 GeV * A 1::{%!*
- average Hl “and ZEUS points at glven x,Q% aty < 0.35 2t *;;’; b
- keep all data points at y > 0.35, modifying them to account for N T
the determined shifts in the correlated systematic sources. : AT
oF ﬁ}“ﬁi{f@j i
The averaging exploits a concept of correlated syst. errors, assuming T
that systematic uncertainties are proportional to expected values B . M R R
and statistical uncertainties are defined by sqgrt of expected number of events: logyg
i 1 i i
2 {mvb)_z |m z.-"}’jfmbf ?ul +sz r/ﬂ
Xexp \ITh 0) = (}2 (m Z mib ) ( " )3 . J 5: sat = A stat/ 1
h.stat ,u ?J Luncor ! 6: uncor — i,uncor / #I
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Combination of H1 and ZEUS data from HERA |
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g
©  y2/ndf = 637/656
- the original H1 and ZEUS data
are fully consistent
combined data set:
. 110 corr. syst. sources from individual data sets
& 3 correlated errors from averaging procedure:
g - difference between “"multiplicative”
= treatment of errors and “additive”
| £ - photoproduction background
T £ - hadronic energy scale
by | | i
E é % more than just double statistics:
L & - significant reduction of systematics and
o little difference then how to treat 110 corr.
QriGey” syst. sources in QCD fits - the simplest
approach is o added them in quadrature
to the uncorrelated errors
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Combination of H1 and ZEUS data from HERA |
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1402 points are combined to 741
unique cross section measurements

g
©  y2/ndf = 637/656
- the original H1 and ZEUS data
are fully consistent
combined data set:
. 110 corr. syst. sources from individual data sets
& 3 correlated errors from averaging procedure:
g - difference between "multiplicative”
= treatment of errors and “additive"
£ - photoproduction background
£ - hadronic energy scale
5 more than just double statistics:
) £ - significant reduction of systematics and
o little difference then how to treat 110 corr.
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approach is o added them in quadrature
to the uncorrelated errors
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Combined H1 and ZEUS data from HERA |
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NLO QCD fit using combined H1 and ZEUS data

input: the combined H1 and ZEUS inclusive NC & CC e*p & e'p data from HERA I

next-to-leading order (NLO) DGLAP in MS scheme for evolving PDFs to arbitrary Q?2

improved theoretical treatment of heavy flavours which takes the quark masses into account
- SF calculations in General-Mass Variable Flavour Scheme (GMVFNS): massive NLO
splitting and coefficient functions according to Thorne-Roberts VFNS 2008

renormalisation and factorisation scales : Q?

Q2. = 3.5 6GeV2, M_=1.4 GeV, M,=4.75 GeV, o (M,)=0.1176 (PDG 2006)

Paramaterisation form at starting scale Q_2=1.9 GeV?2:

xf(x, Q) = AXC(L-X)°(1+Dx +ExX)

XU=XU+XC, XD=xd+x5+xb

cC, bb are genarated dynamically

PDF A B C D E
g sum rule FIT | FIT | - -
TlUyal sum rule FIT FIT | - | FIT
Tldyal sum rule =B, | FIT | - -
xU lim, ou/d — 1 FIT FIT | - -
xD FIT =By | FIT | - -

The optimum number of parameters is taken from saturation in the improvement
of the 2 require all PDFs to be positive and q,,, > gbar at high x

- 10 free parameters for the central fit: y2/ndf=576/592

14th Lomonosov conf. V.Chekelian,

Moscow 25.08.2009
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HERAPDFOQ.2

H1 and ZEUS Combined PDF Fit

1 T III|I||| T IIIII|I| T T 7T || T T T TTTaT

PDFs Q' =10 GeV’

experimental uncertainty (red):

tolerance Ay? =1

110 syst. errors are combined in quadrature with unc. errors

3 sources of errors from the averaging procedure are offset

—> small effect when 110 syst. errors treated as correlated:
different methods of treating the correlated systematic
errors (Hessian, offset, add in quadrature) do not make

April 2009
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- e€xXp. uncert.
I:I model uncert.

0.8

X

- - parametrization uncert.
0.6

- x5 (¢ 0.05)

s
{5 much difference
0.4 _E model Uncertalnty Variation | Central | Lower | Upper
- xg (% 0.08) 2 (yellow): my 4.75 4.3 5.0
= . . . = = [~
= variations of ?mm 3'5’1 3"2’3 U‘J{);g
1 & - - s . . .
0.2 15 input assumptions e 1.4 1.35 15
' IE - added in quadrature | Q3 19 L5 2.5

parameterisation uncertainty (green):
10" 1 make envelope from other 10 parameter fits and

- 107
X 11 parameter fits with E,> 0 and an extra D or E.
Positivity of PDFs and q,,, > gbar at high x are not required.
gluon and sea are devided by a factor of 20 > effect is mostly at large x
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Comparison with CTEQ and MSTW

CTEQG6.6 MSTWO08
1 P=10Gev: | w ! Q*=10 GeV?
08 08
g (% 0.05) HERAPDFO0.2(prel.) 1 . xg (x0.05) HERAPDF0.2(prel.)
o6 _ {exp+maodel+param) _ ‘ (exp+model+param)
_ B CTEQ66 68% CL 08 I MSTWO0868% CL o |

04 - 04

02 02

S | 10 10? 0w 1 0 == — E—
10+ 10° 10° 10" 1
X X
- comparison at 68% CL
- HERA QCD fit: impressive precision at low x
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WY+ C3l PICLILY

L FAPLOILY

Projection to the LHC

Rapidity dependence of W* and Z production (at 14 GeV)

Prior any HERA data

¥Y 4+ C Ly

L FAPICILY

b

=
&

(-]
b

only ZEUS data

&

E‘:E:EE. :

g

R

£5ofe:

errors include only experimental uncertainty
- experimental (total) uncertainty at central rapidity is
~1% (~2%) when the combined HERA data are used
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The longitudinal structure function F, (x,Q?)

- F_ is a pure QCD effect which allows to make critical tests of
the perturbative QCD framework used for pdf determinations
- F_ is directly sensitive to gluon density

F,~o®+o?, F .~ > O0<F <F,

in QPM s Breit frame:
g€ g, =0  J=p
aue to helicity and angular 6 _k k L ,Y,,: © ‘e ¢/2 initial
momentum conservation \WVaVAVAVAY S
. state
for spin 3 guarks e
Z
., hnal

~ o P = O
FL L J=+/2 state

Callan-Gross relation
: " a 1dz
in QCD: F (X,Q%) =—X I F 8Ze (1——) X
A Ix 73
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Measurement strategy for F,

5 sensitivity to F|
y only at high'y
|:L

d GNC/ 2o’

F(Q%)

0.8 r

0.4 }

0.2 f

F, extraction from H1 data (for fixed W=276 GeV)

—— NLO a, fit (H1)

e H1 preliminary —— NLO fit (ZEUS)

romH1 e’ —— NLO MRST 2001
roHle — NLO (Alekhin)

........ NNLO (Alekhin)

- F, published by H1 making assumptions on

N

H1 Collaboration

& Y, |=F,-
NC — 4 + 2 2
dxdQ® | xQ 1+ (1-vY)
jz ||||| I |||||||| I |||||||| IR
© Q% =200 GeV?
B .
e dqr}f L - one possible way:
LR N . measure c at high y
e 1, and assume F,
y-0.75 ‘\"*-..\ é
0 _||||| | I|II|I|| | |||I|||| | I“.I‘I\‘HII E
10° 0° 10 1

X

> free from theoretical assumption:
measure c at the same x & Q? and different y
by changing the proton beam energy :

- Q2/4EpEex (E, = 460, 575, 920 GeV)

14th Lomonosov conf.
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o (x, Q% y)

NC cross sections and F, & F,

E,= 460,575,920 GeV

H1 Preliminary
45 @ =250eV of =35 GeV Q° = 5.0GeV* Q° = 6.5 GeV*
b
N A
\ Y
1 \M - '
)
. . . e .
15 0f =85 eV’ of L 12 GeV? 0f =45 eV’
L . - 1 :
1Y
it i
15k @F=20GeV? w0 10 10° 10 10 10°
Q® = 5.0 GeV? H1 Preliminary
; >_‘ x = 0.00009 x= 0.00010 x = 0.00012
™ o
[« JEW) F E
2 : 2 1w
107 1077 © | * | *

1+
08 L L L +|

¥

t

x = 0.00013

£

08

1 1 1
x= 0.00015

**;;

1 1 1
x = 0.00020
H1 data
B E;=920 GeV
* E,=575GeV
® E, =460 GeV

l*i“ — Linear fit
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T T L |
Q? =32 GeV2 ]

ZEUS

14+F
T « F,
1 —ZEUS-JETS




F_ is measured for Q2

FL(Q?

)

and recent theory predictions

< L
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. ¢| af Q% > 10 GeV?
+.
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& o oo oo oo 60 — HI1PDF 2009
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Summary

HERA (1992-2007) finished operation two years ago, after 15 years of data taking
- all HERA 1 (1994-2000) NC & CC inclusive analyses are completed and published
- HERA 11 (2003-2007) analyses are in progress / beeing published

A model-independent averaging method has been developed to combine H1 and ZEUS
inclusive NC & CC cross section measurements (applied to the final HERA I data)

—> unique HERA | data set - complete, precise and easy to use

—> significant improvement of systematics (more than just double statistics)

HERAPDFO.2 is the NLO QCD fit to the combined H1 and ZEUS data from HERA I
—> improved theoretical treatment for heavy flavours (TR-VFNS)
—> model and PDF parameterisation uncertainties are considered
—> getting ready for precise prediction at the LHC

The longitudinal structure function F (x,Q?) is measured at HERA for
2.5 < Q° < 800 GeV? in a model independent way using low E, data

- F_is consistent with NLO QCD at Q2 > 10 GeV? and with R=F /(F,-F,) =~ 0.2
- some NLO QCD calculations are below F, measurements at Q2 < 10 GeV?
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HERAPDFO0.2 : PDFs at Q2=10 GeV?

H1 and ZEUS Combined PDF Fit
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HERAPDFO0.2 : PDFs at Q°=2,100 GeV?

H1 and ZEUS Combined PDF Fit

H1 and ZEUS Combined PDF Fit

[
T

0sk Q2 =2 GeV?
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Charm and Beaty distribution functions

H1 CHARM AND BEAUTY CROSS SECTION FRACTION

- charm contribution at HERA up to 25-30% Cd 1* S ,,. ,. i
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