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HERA operation

HERA: electron(positron)-proton collider at DESY, Hamburg
delivered luminosity between 1992 and 2007
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HERA operation

Status: 1-July-2007
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e average (lumi weighted) polarization achieved: 30 - 40%

e e*p, e'p samples balanced

e ~20 pb™" from low & medium energy running (F,)

o ~ 0.5 fb™ collected per experiment
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Deep inelastic exp scattering: basics

Two deep inelastic scattering processes:

— Neutral current: exchange of y or Z°
— Charged current: exchange of W+

02 p-q - Q*is probing power
X = 25 y = Dk - X is Bjorken scaling var.
- y is inelasticity of e

-sis CME
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Deep inelastic exp scattering: probing the proton

NC DIS
d*c(etp) 2ma? ( y? Y_
= Yo (| Fo|— = FL|F —xF3 | - = —y)?
dQQdT Q4f + l2 Y+ f + Y+ ll .3) : Y:t =1+ (1 y)
valence + sea quarks gluon valence quarks

-> gluons, sea quarks and valence quarks

CCDIS
v d20°C(etp) G2 [ MZ, S
ei_\ szél;l? H = 2:; (’\I‘Q‘ —t Qz) [ﬂ+?+ (- +S)] x(1+ Pe)
e 2aC(emp) G%L [ M3 =
e b Tk (,wz in) [u+c+(1-y?*d+3)] xQ@ -P)
e T o S

/\‘ ' dQ2dr 2w

-> flavour separation
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Outline: questions HERA has to answer

1) Does the electron probe behave as expected?

2) Is the quark point like?

3) What are the quark and gluon distributions in the proton?

4) Are QCD dynamics well understood to evolve to the LHC scale?
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The electron probe
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H1 e’p CC 03-04 (prel.)
H1 e’p CC 2005 (prel.)
ZEUS e'p CC 06-07 (prel.)
ZEUS e'p CC 04-06

10° SM e’p CC (HERAPDF 0.1)
SM e’p CC (HERAPDF 0.1)

e E > *

y<0.9
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HERA | &I

T
Yt H1e'p NC 94-07 (prel.)
A H1ep NC 94-07 (prel.)
O ZEUS e'p NC 06-07 (prel.)
o ZEUS ep NC 05-06
—— SM e’p NC (HERAPDF 0.1)
—— SMe'p NC (HERAPDF 0.1)
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10°

10*
Q% (GeV?)

Observe EW unification in the
t-channel at the M, , scale!

NC DIS:

Y exchange dominates at
low Q2 (described by F,)
Z° contribution significant at
high Q> (described by F3)

Effect of probe charge:

- EW effects increase/decrease o
(larger for CC DIS)

- Sensitive to valence quarks
(NCDIS) & their flavour (CC DIS)

SM provides excellent description of data over many orders
of magnitude —» testing ground for SM and QCD
The electron probe indeed behaves as expected!
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Intermezzo
.... Is the quark point like?
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Rutherford scattering (1910)
k/

q=k—FK
q° o sin®(0/2)

/ ‘plum pudding’

point like
Jo 72 incident alpha Nucleus but most.ly
= 4ra?=_  [paticle empty with
dq? q* positive charge

in the center

"It’s as if you fired a 15-inch shell at a piece of tissue paper
and it came back and hit you.”  Ernest Rutherford
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Hofstadter: Radius of nucleus (1955)

do
dQ?

— 41

F(q°)

electron

nucleon

The proton was not a point object, but had a size

that was "surprisingly large", about 0.75 x 1073 cm.

N
w0
i

3,

Electron scattering
from nydrogen
(188 MeV 1ab) ‘

Cross sectionin cm? | steradion

i
|
©
Paint charge,
point moment
- {anomalous)

.W,Niﬁgﬁ_.. —

‘Expermen'.cl curve—""""

: o
| O
() N

éou-cc ,,_%"'""’/ \T*\ \
‘curve | L

| |

i
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Leboratory angle of scattering (in degrees)

q° o sin’(0/2)

"One can only guess at future problems and future progress, but my personal
conviction is that the search for ever-smaller and ever-more-fundamental
particles will go on as long as Man retains the curiosity he has
always demonstrated.” Robert Hofstadter (Nobel lecture)
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Deep inelastic scattering (1969)

d*c
dg?dx

electron

T

(1 — y) Fa(x,

nucleon

o/ MOTT

f
J,

s — W=2 GeV
-W=3 GeV

s —— W=3.5 GeV J

ELASTIC
\\_SCAT TERING

i
/

Q% (GeV/c)2

.......

The proton was not an elementary particle, instead it contained
much smaller, point-like objects called partons.
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Quark radius (2009)

2) Is the quark

do doSM

dQ2 ~ dQ2

point like?

R2
1- Q7
¢

H1 94-07 data

ZEUS 94-06 data

g
14 + +
w
i
% 1.2
Y 4 [ 9-9--8-8_-8_9-8._ @- - - B e g - - -
AR B e e ——
o~ -
g 08 - === Normalisation Uncertainty
B PDF Uncertainty
P o L — R.=07410"m(95%CL)

H1 Quark Radius Limit HERA 1+ (435 pb™

ZEUS 06 F H1 Preliminary
10 | 1.2 ® ZEUS 94-06 (prel.) e’p 10° 10*
81 M e 4 R2 = (0.6210"'°cm)? Q? (GeV?)
Bl ; nesegegie % el RZ =-(0.8 10"°cm)’
5 | o - = Any deviations? Not so far...
T P NP .:::::9::;::1.2::'_:L,_:l:l:_..:::j:::;%:: ........ The |Im|t IS RQ < 06 X 10_18 m
Quark Radius Limits (prel.) We are PrObing down tO
10’ 10* Q* (Gev?) 1/1000 proton radius!!!
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From HERA to LHC: the future

HERA <+—» LHCKinematic plane

[ Atlas and CM28
[ Atlae and CMS rapidity plateau
Q 3 DO CentralePwd. Jets
E=3 CDF/D0 Central Jets
=)
Sx ~~ 200MeV Lo
33 (g Q
S CIID
e °
, | 1909GMR | | =
. 4 1955 Hofstadter: 5 - _,2," /
E 10 | e ¢ i
= - 1969 SLAC M = 10 Go¥ DGLAP E
SN—" 10 = o ; R "
B il
O — all |
4 HERA il : -
10| — e ;
-5 e A =
10 - e ]
LHC 7 i 3 4 -3 2 -1
-6 10 10 10 10 10 10 |
10 ‘ : : : X
1900 1920 1940 1960 1980 2000
Year PDF’s obtained in low x regime

at HERA are applicable to LHC!
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Deep inelastic exp scattering: probing the proton

NC DIS
d*c(etp) 2ma? ( y? Y_
= Yo (| Fo|— = FL|F —xF3 | - = —y)?
dQQdT Q4f + l2 Y+ f + Y+ ll .3) : Y:t =1+ (1 y)
valence + sea quarks gluon valence quarks

-> gluons, sea quarks and valence quarks

CCDIS
v d20°C(etp) G2 [ MZ, S
ei_\ szél;l? H = 2:; (’\I‘Q‘ —t Qz) [ﬂ+?+ (- +S)] x(1+ Pe)
e 2aC(emp) G%L [ M3 =
e b Tk (,wz in) [u+c+(1-y?*d+3)] xQ@ -P)
e T o S

/\‘ ' dQ2dr 2w

-> flavour separation
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Proton structure: valence quarks

=300 GeV* [ 500 GeV® [ 1000 GeV?

GI‘(X’Q-)

Fsx Y (46— )

-i.:u,d,... 1:

XF, ~ 0(e) —o(e*)

April 2008
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~ (2u, + d,)
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~Uu(x)

vZ
xF3

L H1+ZEUS Combined (prel.) 04
0.8 ] af
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— H12000 PDF ] 021

§~d(x)

HERA Structure Functions Working Group

0.6 ¢ ... ZEUS-JETS PDF R\ .
I ] 30000 GeV? 10" 1 107

0.6 - [ | HERA I PDF (prel.)
L HERA I CC €'p (prel.)
ha «  HERAICC €p (prel.)

S & .
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Proton structure: valence + sea quarks

I _j

— W=2 GeV
-W=3 GeV
—— W=3.5 GeV

2 - 'i,__ o ]

\ E

oc/cMOTT

-3 N ELASTIC
“\\_SCATTERING

a2 (Gevc)®2 .

New combination based on
full HERA-I inclusive data
L=240pb™

Used as single input to

a new QCD analysis:
= HERAPDFO0.2

Pheno 09, Madison, May 11

F.(x,Q>)

H1 and ZEUS Combined PDF Fit
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HERA Structure Functions Working Group

April 2009

Scaling -> quarks

Scaling violation -> gluons and QCD radiation
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Proton structure: power of combining

H1 and ZEUS Combined Data

06 | &

® x2/dof=699/716

T & ¢x=0.25
: s g%
| d %‘ % Scaling violation dramatic
‘ - on a linear scale!

HERA Structure Functions Workife

Q*/GeV?

Systematic uncertainties reduced as well as statistical errors
Unprecedented precision due to cross calibration of detectors
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Extracting the essence of structure functions

1

Common PDF Fit on HERA | combined data

etTP — vX
H1 and ZEUS Combined PDF Fit

Q* =300 GeV?

[ Q*=500GeV?

sl I LN

[ Q%=1000 GeV*

_mu|l/~.\\\mu

T Q*=1500 GeV?

il Ji\.\uml

April 2009
2
0,(x,QY)
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[ Q*=3000 GeV?

T Q*=5000 GeV?

T Q*=8000 GeV?

C Q%=15000 GeV>

A
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X
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H1 and ZEUS Combined PDF Fit

Q* =200 GeV?
Q*=250 GeV*
Wecid oo oMbl cid cvod Sl il WL p
Q%= 650 GeV’ Q*=3800 GeV” Q%= 1000 GeV* Q%= 1200 GeV?
i
3
11 H\‘ \HHH‘ L 1111 ‘ \\HH‘ 111 \HH‘ \\HH\‘ 11 L HHH‘ 111
Q%= 1500 GeV? Q% =2000 GeV? Q*=3000 GeV? Q% =5000 GeV?
:L\H H\‘ \L HH‘ \«L \JL \4
| Q’=8000Gev’ | Q*=12000GeV’ |  Q*=20000GeV> [  Q*=30000 GeV’
r L I | @HERAINCep (prel)
I HERAPDFO.2 (prel.)
(exp. uncert.)
Lo vid vl I ool covnd cowadl il L L
10 10 10 10 10 10 10 10 10 10 10 10 X

Beautiful description for CC/NCand e*/e  !!!
(experimental uncertainties included)
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Extracting the essence of structure functions

Comparison between HERAPDFo0.2 & H1, ZEUS individual fits

H1 and ZEUS Combined PDF Fit

T T 1 llll L] L] lllllll L) L) lllllll L] L] lllllll L] L]
qi ' | 2 2 1 % 2 P v
Q" =10 GeV Q Q =10 GeV
7 5 | — ZEUS-JETS (prel.) 94-00
B —— HERAPDFO.2 (prel.) | 0.8 | uncorrelated uncertainty A
08 [ correlated uncertainty
L - exp. uncert.
model uncert. H1 PDF 2000
xu,

B exp. uncertainty

- parametrization uncert.
[ model uncertainty

0.6

04 04 xg (x 0.05)

0.2}
0.2

HERA Structure Functions Working Group

Uncertainty on low-x gluon and sea strongly reduced!
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HERAPDFo0.1: impact on LHC

An example: W production

c Without HERA Data HERA | data (one experiment HERA | combined

S If R 18 2 ]

S Lh ' ! St 5

ot N 1Y B

2 ! 1 5

S 1f 13 l[HERAPDFOJ\t

S 4 o 5
-

. . 5
e S de
0l & 3 0.06 e
0E E 0 G— = =
a - cxrev T O EL L, T T 008 F : e
B S T TR T AR e e e T v e T e R

W rapidity W rapidity W rapidity

3? (i total errors - T

z W Incredibly precise o w/ HERAPDF

g ...standard candle for the LHC!

e
s - HERAPDFo0.1 is public
s~ - HERAPDFo.2 will be released

i soon in LHAPDF (version 5.5.x)
Uncertainties ~ 3%
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HERAPDFo0.1: crosscheck with Tevatron

Is HERA-only PDF compatible with Tevatron data?

Tevatron Jet Cross Sections

E K, D=07
% - [ CTEQ 6.6 (fastNLO) Ne) C
=] 10° T HERAPDFO.1 (fastNLO) Neo| 15 £ |yJet| <0.1
8 e 8 C
~ — L
£ 0 5 125 F
N L C
S i 2 -
5 0L o ! C
© 0 i ¥ < 0.1 (x 10% % :
:_ 7 0.75 :—
10k : - .
L 0.1 <ly"™<0.7 (x 10%)
S i, T * HERA not very sensitive to
1040:: L1<ly® < 1.6 (x 107) gluon at hlgh X
- * CTEQ 6.6 contains Tevatron
10’13:: 16 <y < 2.1 (x 109 high ET Jets
0 ll(l)ol - |2(|)0| - 13(‘)0| - 14(|)0l - 15(|)0‘ - Jé(l)ol 200 i COmPathle Wlth HERAPDF
P [Gevic]
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Evolving from HERA to LHC scale...

o
élu“ [ Atlas and CM8
- [ Atlac and CM2 rapidity plateau
Om 7L = DO CentralePwd. Jets
E=3 CDF/D0 Central Jets
10 B2 ®
D ZzZEvS
10 e
BCDMS
10 o eses
3 sLac
10° / ,
; -
W7F W<Toow AP I |
il s
MG
| _...nlll“lll“”ll IIII.,\“\\‘
-. it
10 i =
- gaatil 2 2 4440ul o T BRI T BEET T ’. FPTTIT BRI
T T [ I M B R [ l
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* Beautiful PDFs ...

... but applicable to LHC?

* To move from HERA to

LHC, need QCD evolution
(DGLAP)

* Question: is DGLAP ok?
Answer requires an
essential piece:

* SF F_ arises directly

from radiation

Powerful way to check DGLAP

21



QCD dynamics: directly probing gluon with F,

~_~ ¢ * FLarises from same mechanism which drives DGLAP

Y"L e Frisdirectly related to the gluon density

@#._ * Fiisanindependent structure function
g

2
DIS reduced cross section (low x): 6 = Fs(x, Qz) — g—FL(OU, QQ)
+

Q° = sy
FZ

. Rosenbluth plot
0 \’\ A challenging measurement:
r

* |dentify electrons at small energies
FoFL * measure at the edge of acceptance
* control systematics
0 vy, 1 * need absolute normalization
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F : ZEUS final result

ZEUS

w Q' =24 GeV* | Q% =32 GeV?
% 15 - - )
1.0 . )
05 ! s
i ] 3

00F - S e F results...

w ' Q" =45 GeV? | ' Q' = 60 GeV?
% 15 s

1.0 - - -

0.5 l '

o0 iil -_ i e ... and most precise F,
u | PR " so far in this kinematic
* 1.5 = 3 = i
w’ “~ + Fy s, regime

1.04 * -« F, -

ZEUS-JETS
0
o.ol- ----------------------------------- ll ------
10° 107 . ‘1:)" T .
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F vs Q2

H1 Preliminary FL

<
3 i e HI (Prelim.) - :?gfoi?pz HI1PDF 2009) ZEUS «
= | E, = 460, 575, 920 GeV -~ F, (R=050, F HIPDF 2)09) L 5ot . '101”’ 2<10” 3:10" _ax10”
- 0.5 Dipole Model (1IM) ° - o7 - o ZEUS «ees MSTWOS NLO (a)
L * T T T T T e o_si_ — MSTWO08 NNLO
I P U W S A e o.si— -~ TW Resummed — KW Dipole (b-Sat)
B *’ : - \:‘_ ::~ 0.4 ;_

0.1} %
- . N . ]

20 30 40 so eo 70 a;) 9Jo1o’
0 (GeV?)

0.00029
0.00040
| 0.00052
0.00067
" 0.00090
- 0.0011
[ 0.0015
0.0027
0.0037
| 0.0054
0.0069
| 0.0093
0.0353
0.0443
(-]

. o e L]

" 0.000087
[ 0.00013
L 0.00017
. 0.00021
- 0.0023
[ 00218

10°
Q2%/GeV?

3

10

F, is exactly where QCD expects it to be!

This gives us confidence we understand QCD radiation -> DGLAP
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Ssummary: has HERA provided the answers?

e Does the electron probe behave as expected?
- new effects excluded up to masses of O(300 GeV)

e Is the quark point-like?
- probed 1/1000 of the proton radius (0.6 x 10" m)

e What are the quark and gluon distributions in the proton
- have precision of 1-3% at x ~ 1073

o Are QCD dynamics well understood to evolve to the LHC scale?
- new results on F, inspire confidence

HERA running has finished, but the large data samples
collected w/ polarized lepton beams are still being analyzed.
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End of an (H)ERA

ZEUS HALL on midnight June 30, 07
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Backup slides
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HERA PDF 01 vs 02

H1 and ZEUS Combined PDF Fit

I

— HERAPDF0.2 (prel.)

B exp. uncert.
model uncert.

- parametrization uncert.

xu,

H1 and ZEUS Combined PDF Fit ;
1 T T T 171 T T T T T T T T ‘ T w
Y ® Y
x T Q*=10GeV? |8 =
- ‘E‘
1=
08 - —— HERAPDFO0.1 (prel.) | 08 -
L - exp. uncert.
model uncert. ]
Xu, 1 e A
) =
0.6 i E g 0.6
1% ]
=
|2
18
=
04 - -1 & 04
xg (x 0.05) 5
I 18
=
1=
=
0.2 N *g 0.2
" xS (x 0.05) 13
I 1«
|eg
=
0 ‘ : N = =
10* 10° 10 10" 1 10

X

e Errors on gluon even smaller now
e Error on low-x gluon a bit lower...
e But beware: DIFFERENT SCHEMES (ZM-VENS vs. TR-VENS)
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Q*=10 GeV?

April 2009

HERA Structure Functions Working Group
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H1/ZEUS combination

CCe- p data: H1 98, ZEUS 98

CC e+p data: H194-97, H1 99-00,
ZEUS 94-97, ZEUS 99-00

NC e- p data: H1 98, ZEUS 98

NC e+p data: ZEUS 96-97,

ZEUS 99-00, H1 99-00 “high Q2"
H1 95-00 “low Q2"

0.2 < Q2 < 12 GeV?

H1 96-00 “bulk”

12 < Q2 < 150 GeV?2

ZEUS BPC/BPT, SVX9s5

0.045 < Q2 <17 GeV?

o Combination based on the complete HERA-I inclusive
NCand CCDIS data (L=240 pb™)

log,, Q

o all data swum to common grid

e averaged using least squares fitting with uncorr. systematics as errors

e 110 correlated systematic error sources

e 3"“procedural uncertainties” related to the averaging procedure
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H1/ZEUS combination

1) Uncorrelated uncertainties:
Statistical errors
- Point-to-point uncorrelated uncertainties:
e.g statistical errors due to MC simulations
are added in quadrature to the statistical errors

2) Correlated uncertainties:
Point-to-point correlated uncertainties
e.g. electromagnetic and hadronic energy scale calibration
Often common for CCand NC for a given experiment and run period

3) Overall normalisation uncertainty:
- Correlated for all data points for a given experiment and run period

4) Correlations between H1 and ZEUS:
- H1 and ZEUS use similar analyses methods
- largest from photo-production MC and hadronic energy scales

There are 110 systematic errors which are combined in quadrature with the
statistical errors and 3 sources of errors from the averaging procedure are offset.
- Small effects observed when errors are treated as correlated
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F : Most recent H1 result at low Q2

FL (X, Qz)

Pheno 09, Madison, May 11

H1 Preliminary FL

Q% =2.5 GeV? [ Q*=35GeV?

Q% =5.0 GeV?

Q*=6.5GeV?

® H1 Data
E, = 460, 575, 920 GeV

10 107

— H1PDF 2009

- - F_(R=0.25, F, HIPDF 2009)
--- F_(R=0.50, F, HIPDF 2009)

» Coverage down to low Q2
* Statistical precision is limited

Amita Raval
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F : ZEUS reduced cross sections

ZEUS

Q' =24 GeV? | Q7 = 32 GeV?
i -‘ﬁh\
e e N e
\,\“k\\ ~ i\\:\\_‘ce:@.
I e B
~ g
Q'=d5GeV? | Q7 = 60 GeV?
Y
. ]::\o‘\ :é;:\\‘b\
i TR F T
4 \\\\ \_ .'..‘ \2\\\ -
i Ny ™~
R200 07 = 80 GeV _ Q=110 GeV?
e F, obtained from differences of 15 4 %@
- - A% .
cross sections at different CME’s 1.0f ?;;h:‘\b\ I‘\
. b A T | 7VE=318GeV
e F, damps the rise of F, at low x osl Do ETS *m,‘::\_ \ \E = 251 GeV m,\\
~o(F=0 o
« need to subtract 2 large numbers ... F=0) o e =
o ... hence limited statistical power " ° o "
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HERA operation: polarization

HERA Il: 2002 - 2007

Via emission of synchrotron
radiation, e beam at HERA
becomes transversely
polarized

Spin rotators were installed
to obtain longitudinal
polarization at both IPs

Transverse

e polarization was measured in dedicated polarimeters
e average (lumi weighted) polarization achieved: 30 - 40%
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High Q2 CC: total cross sections

Luminosity (pb™

ZEUS
T SR R R RN RN RAR RRRN RERR RS
b 1 HERA Charged Current e’p Scattering
12 ] s 120 i I I I I I I I I I I 1 I I 1 I I 1 I | |
of ] g )\ ep —vX 1
of ] S o H1 2005 (prel.) -
o _; © 100 * H198-99 5
ne ] . A ZEUS 98-06 i
2 - i e’p —vX ]
o A G 80~ * H199-04 ~
ponosne o ozt ne i 3 ~ ZEUS 06-07 (prel.)
- A ZEUS 99-00 . v
60— i ] )
- == HERAPDF 0.1 . e
40 % — —&
- % 7 . W
: . ; 5
200 o Q*>400 GeV? |
- y <0.9 \
0 l/ﬁl PR N T T SN T SN SN N TR NN SO MU S
-1 -0.5 0 0.5 1
° : W
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