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Introduction

25/06/08

HERA performs measurements at Q* ~ EW scale
Tests Standard Model in region of large spacelike momentum transfer

HERA collides e and p

study strong, electromagnetic & weak forces through Deep Inelastic Scattering

At fixed V's: two kinematic variables: x & Q2 Q? = “resolving power” of probe
Q*=sxy High Q? : resolve 1/1000" size of proton
e:I:
e:I:
Q? Charged Current Reaction
photon / Z°

¢ | proton
X = momentum fraction ¢ ¢
of proton carried by quark quar

HERA: ~10° - 1
Neutral Current

Reaction

v’
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Neutral & Charged Current Interactions 25/06/08

do o 01 0 . . - Modified at
Wgz ] 8T x DQ_D HY+Fz F Y xF, - yzFLH high Q* by
< [ Z propagator
2
do 1t P g4 1 1 1 = = 4 2777t
dxdg'z T T2 eanx oMI+Q'f LW FY W -y Weg Y, =1 (- p)

Structure functions parameterise partonic structure of proton: how far from point like

For pointlike proton: -

F, [ z (xq, t xq.) dominant contribution

2 — only sensitive at high Q? imi : t :
xF, [ z (xq. - x7,) y gh Q similarly for W, xw; and W,

only sensitive at low Q?

F,00,0xg(x,0%) and highy

2.t . . .
d0 i 1t P linear scaling of cross section

dxdQ’ 2 zero for LH e* or RH e
P=-1  P=+1

SM predicts CC cross section
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HERA & QCD 25/06/08

HERA has large kinematic reach

S
T 5
R B HERA QCD understanding needed across full x, Q
(N
O) I Fixed Target Experiments: range
4
10 f_ CCFR, NMC, BCDMS,

NC process: EW physics lies at high Q°

E665, SLAC

3
107 CC process: purely weak - flavour info for

PDFs

10 ¢ .
- Measure cross sections

i Fit data — extract PDFs & EW physics
10

HERA PDFs extrapolate into LHC region

LHC probes proton structure where gluon
dominates (gluon collider)

6 .5 .4 3 .2 .1 . HERAdata crucial in calculations of
new physics & measurements at LHC

LHC X region
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H1 & ZEUS 25/06/08
£ =1 ©
| =

Neutral current event selection:

» High P_isolated scattered electron/positron

* Suppress huge phototproduction background by
imposing longitudinal energy-momentum
conservation

* Kinematics may be reconstructed in many ways:

energy/angle of hadrons & scattered lepton
provides excellent tools for sys cross checks

* Removal of scattered lepton provides a
high stats “pseudo-charged current sample”
Excellent tool to cross check CC analysis

* Final selection: ~10” events per experiment

Charged current event selection:

* Large missing transverse momentum (neutrino)
* Suppress huge phototproduction background

* Topological finders to remove cosmic muons

* Kinematics reconstructed from hadrons

* Final selection: ~10% events per experiment
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HERA Precision F, Data 25/06/08

EOY (xq,+ xq)
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o~ ‘ > |
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- - . \
LY 2.5 1.4+ \ ® ZEUS 9697
: + B H19%/97
i 1.2 NMC, BCDMS, E665
) H1 92 I \ ——  CTEQSD

MRST99

O ZEUS 92

1.5

0.5
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\\\\‘\\\\‘\\\\‘\\\

O \\\HH‘ \\\\HH‘ \\\\HH‘ N

10> 102 107 1
X

8 years to shrink uncertainties from ~20% to ~2%
Another 8 years to go from 2% to ~1% !
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HERA Precision F, Data Proton Structure 25/06/08

pt el
c B
= 18 = ® Hi, ZEUS
2 - A other experiments
2 46k L VE“' (CERN, Fermilab)
g L gl —<7QCD fit HERA data show a rising
S 14f Q2 number of quarks & gluons
= I ﬁ"« with small momentum fractions x
= B >
S : lﬁ' . 2 -
o I & 5 Number increases as Q“ increases
Q f—

0,81

0.6F

0,4}

0,2F

O-Illlld 1 IlIIlIII 1 1 IIIlII[ 1 lllllill L lIlIIIlI 1 L1 1
0 107 107 1072 107"
Momentum fraction x
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HERA Precision F, Data

25/06/08
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I 10 10° 10° 104 10°

Q’/ GeV’

10'2— f 3 d In Q2

. — [ T |||||||| T |||||||| T |||||||| T |||||||| T |||||||| T |||_
[t ] F .
- x=0.000050,1=21 « Hi E‘+l." hish QE ' . .
'] °°  x=0000080.i=20 R Low X: gluon splittin
flfﬁlﬁz—wp : x=0.00013,i=19 94-00 + g p g
E v x=000020,i=18 ]

0013 1o 14 .scoms | Atlow x proton content dominated by dynamic

sea of partons

103L e T saean XTO0RI0 Measurements well described by pQCD

HERA has given us a precise map of the proton
- x=00%0i=6 ] - a good understanding of QCD

High x: gluon emission
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HERA Precision F, Data 25/06/08
Eﬂ 1 e .-‘ - ale - (a)
0.75 ® ZEUSW""— — =0.001
O HI194/00 ] ] il
0.5 A Fixed Target] ] | r=0.0001
— ZEUSS — :
025 & . MRSTOL ] Dramatic scaling
0 Evim iS00 violations at low x -
1005 | 'x—0.18

driven by gluon
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Neutral Current: F, 25/06/08

H1 Preliminary

Measure gluon density directly - F -

© T gfaasee® [ ofaseey® [ gfmascev® [ of=45ceV?
F2 ~ O-T + OL - x=0.00081 | x=000085 | x=0.00084 | x=0.00093
15 —
u I F—T
F ~o, high Vs T‘LT‘\‘\{\ ¥ X.\K
I _\/ __|||||||||-_|||||||||__|||||||||__|||||||||
* F =0 in quark-parton model OWVS [ oascev? [ o%4sGeV® [ =60eV? [ 0P=60GeV?
- x=0.0011 - x=00012 | x=0.0011 - x=0.0012
15p e [* *
* Acquires non-zero value - X - =TT
from gluon emission 1F u u
— i 1 1 1 I 1 1 1 1 i 1 1 1 1 I 1 1 1 1 i 1 1 1 1 I 1 1 1 1
F I D a S [bcg = T 0f=R0Gey? : ui a Ge“ - o'=o0cev? [ 0f=830GeV?
F - x=0.0014 - x=00016 | x=0.0017 g x=0.0019
i i 2 151 — — —
* Affects NC cross section at high y —,1\;&?\‘\:\1\ E .
. - e > o o
Measure cross section at same F-F ' | - | E | E |
x,Q? but different Vs 2 b aee? b ofsoger
? / O [ SR | SpaCal E,=020 Gev
0~i N F, _ y_ ~ 151 - * SpaCal Ep:5?'5 GeV
O A4 et 5 |+ LArE,=5/5GeV
. f 1F o e [Ar Ep:f-lﬁﬂ eV
LOW prOtOn beam energy data L1 |D|5| 11 1 111 |:|5| L1 : _ LIT'IEEH’ flt
taken March-June 2007 R T
I T+(T-y) ]
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Neutral Current: F, 25/06/08

H1 Preliminary FL

g L o — H1 PDF 2000
2 1.5 e HI1 (Prelim.) - CTEQ 6.6
w-.:l : E[,I = 460, 575, 920 GeV -- MSTW
L L
0.5 3
SIS TSI
i é T ete | ®
o~ TG
L w
-
i Q
_0.5 | I| | | | | | L1 I| | | | | | | II|
10 102 10°
Q?/ GeV?

Difficult analysis performed quickly
Preliminary measurements released at DIS April 2008
First publication of part of this data now accepted by Phys.Lett. B
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Neutral Current: xF,

At low x gluon dominates proton structure

At high x valence quarks dominate

: 010
NC cross section ~ DL4D
100
HERA able to constrain valence PDFs
free of messy nuclear effects

and other non-pQCD effects

[1-2)°

Direct sensitivity from F, as well as
non-singlet structure function xF,

In unpolarised case

0y (xq;- xq)

- ~ _ Y =
Ujivc = F) ¥ —xF,
Y,
- Y .
xF, = (0 = 0 )
3 2Y_ NC NC
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ar]
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25/06/08
H1 Preliminar}'
Q?=1500 GeV? @Q?=5000GeV’ Q?=12000 GeV’
- H1 PDF 2000 ® ¢'p2003-04
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Neutral Current: xF, 25/06/08
Neutral Current Channel (Unpolarised)

H:.;-"-‘ 1 . T T T T T T T T | T T T T T T T I_
e i ]
b i H1+ZEUS Combined (prel.) i

0.8 . ) |

I Q™=1500 GeV~ i

I — H1 2000 PDF 1

0.6 — * ---- ZEUS-JETS PDF -

0.4 L~ -

i j,// ]

I Ll | i

0.2 = ~

0

2

10 1

X
Large luminosity of HERA-II sample allows improved xF, measurement

Precision further improved by combining H1 & ZEUS data
Measurement statistically limited
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Charged Current Cross Sections

25/06/08

Dominant NC cross section allows precision measurements of partonic content

sensitivity to singlet quark distribution
limited direct sensitivity to gluon density
separation of valence from sea content

H1 Collaboration

Charged Current e+|3
[ oo UL BT R DL AL AL LU UL L L D UL LY BT Rl
NC process weakly flavour dependent &'} +@=500GeV 1 @=so0Gev’ 1 Q=000 Gev”
4/9 charge coupling to u O } " + 1 T E
1/9 charge coupling to d . A ; T,
o 3 kS 5o
Purely weak CC process is strongly flavour of '/\'/\'i\w' /K
=2000 GeV~ Q™ =3000 GeV~ | O SEIC'EI GeV~-
dependent: 0.6 - + E
S PRI ST SR -
Coe— _(?i+c)+(1_y) (d—|~q)} 02k /\_ 1 X E
- B 2 r — |||||| | coannl 1 |||-||||| I |||:\|X\uu-|:|u|| L1 ||||mlj
Occ =7 _(“ +eo)+ (1 —y)(d+ q)} ﬂ; Q=800 GeV* T Q=15000GeV’ 1107 107 1
0.15 } T 1 e H1ep94.00
. L 01 :_ } _ZZ_ k Vg =310 GeV
Provides handle on flavour decomp05|t|onﬂ /' /\\_ { 1 pora0m
o' measurements /9{/| N .;k.?_”'}m
/ 0”10 1107 10 1

d contribution to ¢* ..
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H1 & Zeus Combination

25/06/08

Precision of cross section data can be improved by combining H1 & Zeus
Can be done in model independent way:

Assume that both experiments measure same cross section

Minimise a * function - free parameters are combined cross sections

Fast solution of N___+ N__ system of linear equations

meas syst

Trivial reduction of statistical uncertainties
Impressive reduction of systematic uncertainties occurs - cross calibration!

2
| | [ﬂfi.true L (jura 4 ZJ f?jlh )] ﬁg
?‘(g}cp (ﬂji‘-trw?_‘ ﬂ'j) — Z 52 T Z a‘,TJ ‘

i i

This is the usual y* definition - CTEQ-like
M' are measurements

M''"¢ are averaged values

o, are the j sys errror sources

8i are the uncorrelated errors
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H1 & Zeus Combination 25/06/08

HERA I e"p Neutral Current Scattering - H1 and ZEUS Combined data have uncertainties:
— better than 2% for Q? < 12
7o S ~1.5% for Q*< 60
© 1 e HERAI (prel.)
12 0 ZEUS
. o HI
I —
08 L x=0.02
o S At high Q* data have errors ~10%
o r £  from improved statistical precision
[ =
04 - g
. —— H12000 PDF 5
02 L —— ZEUS-IETS E
[ <
i o
[] | | 1 1 ||||| | | 1 |||||| 1 | (I ||||| 1 1 (I ||||| 1 | :
! 10 10° 10° 10*
Q?/ GeV*
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Extraction of Parton Densities 25/06/08
20
~ - ..
<) - e,
218 - Q2= 10 CeVxr?
We now have enough B I ___ gluon  ZEUS2005-2ZJ
ingredients to extract 16 - CTEQ3"  gluon  GRVE4HD
proton parton densities N GRVO4 gluon  MRSDO(4.1992)
14 - K - gluon CTEQSM
Where were we in ~19937? i
12 —
Historical look at 3 pre-HERA
10 |- luons on the market
- ZEUS- J
g
« [ MRSD At m_ed - high x
- relatively large
. L differences visible
, _ no surprises: gluon unknown
a outside of NMC reach
B -
D_ | IIIIIII| 1 IIIIII| IIIIIII| L1 |
10 ° 10°° 1077 107
X
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Extraction of Parton Densities 25/06/08

Parton densities extracted by parameterising densities at starting scale Q

Use pQCD to evolve PDFs in Q? and predict cross sections
Use 2 minimisation

HERA data have enough constraints for a std proton flavour decomposition
* can be done in a single experiment! (or two...)
* coherent treatment of systematic uncertainties
* avoid non-perturbative region
* no meddlesome nuclear effects

QCD analyses require many choices to be made - reflected in PDF uncertainty:

e Qo2 starting scale

* Choice of data sets used
e Cuts to limit analysis to perturbative phase space (szm)

» Choice of densities to parameterise (e.g. u, d , xg, XS)

* Treatment of heavy quarks

* Allowed functional form of PDF parameterisation

* Treatment of experimental systematic uncertainties
* Renormalisation / factorisation scales

e Choice of o

* etc...
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Extraction of Parton Densities 25/06/08

First joint HERA PDFs based on combined data released in April
Reduced uncertainties - largely due to combined data
In broad agreement - though differences visible

]_ T T T TTTTT T T TTTTTT T I,’!IIIII| Ir+|||||| g 1 T T ||||||| T T ||||||| T 4II.III| IrJ-rIIIIII ==
- Q° =10 GeV* H F=10 GeV? H
T E
1 = -

0.8 HERA I PDF fit (prel.) _

- CTEQ6.5M
Xu,

0.6 Gluon scaled down 1= =
factor 20 S &
2 2
04 4= =
xg (X 0.05) g g
= z
3 S
ﬂ L 111 - : E

107 10° 10 107 1

X MSTWO0S8 pre-release version (blame Mandy) x
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Extraction of Parton Densities

25/06/08

PDF SE‘t G".N+ E‘lﬁr v I:I-".N- Blﬁr v GE BE Al
(nb) (nb) (nb)
ZEUS-2005 | 11.87+0.45 | 8.74+0.31 1.97+0.06
MRSTO1 11.61+0.23 | 8.62+0.16 1.95+0.04
HERA-I 12.1340.13 | 9.13%0.15 2.01+0.025
CTEQB5 12472047 | 9.14+0.36 2.03£0.07

HERAPDFs make most precise predictions for W/Z production at LHC ~1%

PDFs broadly agree at low x (HERA data)

Discrepancies in med-high x region

Some uncertainties unaccounted?

- data sets inconsistent?

- missing theory

- PDF parametric forms?
- different assumptions

Eram Rizvi
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Summary 25/06/08

This is the end game:
o final measurement of F, med & low Q* (H1) precision ~1%

« F, measurements at lowest Q? ~1 GeV?

* final publication of high Q> NC and CC cross sections (H1 & Zeus)
* final combination of H1 & Zeus data
* final HERAPDF fit to combined data

This legacy data will not be superceded for many years
Important for the understanding of QCD and predictions for LHC
Requires the continued financial support of STFC to UK HERA community
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Summary

25/06/08
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HERA Precision F, Data 25/06/08

D5 e e
R =c(QY) - x M@ 2 L
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At 02 > 2GeV?: '
> ATQE2 EE [ e ZEUS
A~InQ

0.3 - hodron—haodron

Partonic degrees of freedom

0.2

b At Q? <2GeV?: i :
Transition 1o hadronic d.o.f. 0.1 _ " #;f'j
Q% — 0: A — 0.08 (Regge mode) : K
0 e ul |":. | |
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